This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of 
the original documents submitted by the appHcant. 

Defects in the images may include (but are not limited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 

IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



r 



Vol. 334 No. 26 SEMINARS IN MEDICINE OF THE BETH ISRAEL HOSPITAL, BOSTON 1717 

REVIEW ARTICLE 



SEMINARS IN MEDICINE 
OF THE 

BETH ISRAEL HOSPITAL, BOSTON 




Jeffrey S. Flier, M.D., Editor 
Lisa H. Underhill, Assistant Editor 

THE TUMOR NECROSIS FACTOR LIGAND 
AND RECEPTOR FAMILIES 

Flavia Bazzoni, Ph.D., and Bruce Beutler, M.D. 

TUMOR necrosis factor (TNF) and lymphotoxin-a 
were isolated more than 10 years ago, on the ba- 
sis of their ability to kill tumor cells in vitro and to 
cause hemorrhagic necrosis of transplantable tumors in 
mice.* The complementary DNAs and genes encoding 
each protein were cloned immediately tbereafter.^'^ Con- 
currently, a factor known as cachectin was isolated 
from mouse macrophages, sequenced, and shown to be 
identical to TNF.^*^ Cachectin was identified not as a cy- 
tolysin, but as a catabolic hormone that suppressed the 
expression of lipoprotein lipase and other anabolic en- 
zymes in fat.^ Still other studies demonstrated the 
powerful pro -inflammatory effects of TNP**' and re- 
vealed its role as a central endogenous mediator of en- 
dotoxic shock." '^ Hence, TNF has a broad spectrum of 
biologic activities. 

Because it proved to be highly toxic in animals and 
humans, TNF did not fulfill initial expectations that it 
would be useful in the treatment of cancer. However, 
considerable evidence suggests that overproduction or 
inappropriate production of TNF may play a part in 
various chronic inflammatory diseases. Produced large- 
ly by macrophages in response to inflammatory stimuli 
such as lipopolysaccharide, TNF binds to receptors 
present on virtually all cells throughout the body. TNT, 
if released systemically in large amounts all at once, 
modifies the anticoagulant properties of endothelial 
cells, activates neutrophils, and induces the release of 
other inflammatory cytokines. These effects culminate 
in cardiovascular collapse. By contrast, chronic, low- 
level production of TNF may contribute to the inflam- 
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matory response. Bone resorption, fever, anemia, and 
wasting may all, in some measure, be attributable to 
TNF'3 (Fig. 1). 

What beneficial functions does TNF have? Can its 
activities be blocked, and if so, at what risk? Above all, 
how does TNF work? ' Answers to each of these ques- 
tions have begun to emerge. They point to regulatory 
mechanisms that control the biosynthesis of TNF, ad- 
dress the molecular reactions that permit TNF to me- 
diate cell signaling, and suggest a practical means of 
blocking the activity of TNF for therapeutic effect. 

The TNF-Ligand and TNF-Receptor Families 

TNF is one of 10 known members of a family of lig- a 
ands that activate a corresponding family of structural- 
ly related receptors (Table 1). The receptors initiate sig- 
nals for cell proliferation and apoptosis (programmed 
cell death). These signals are required for the normal 
development and function of the immune system. Ex- 
cessive signaling through some of the receptors can 
cause severe inflammatory reactions, tbsue injury, and 
shock. Mutations of the genes corresponding to the lig- 
ands or the receptors can cause characteristic disturb- 
ances of lymphocytes, derangement of the immune re- 
sponse, or autoimmune disease. 

All members of the TNF-ligand family are believed 
to consist of three polypeptide chains. All but lym- 
photoxin-^ (which consists of a single lymphotoxin-a 
subunit and two lymphotoxin-)3 subunits) are made up 
of three identical subunits. All except lymphdtoxin-o; 
(which is entirely secreted) and TNF (which is predom- 
inantly secreted) are transmembrane proteins that act 
chiefly through cell-to-cell contact. Nerve growth fac- 
tor, a dimeric protein, is not actually a member of the 
TNF-ligand family. Rather, it was apparently adapted 
in the course of evolution to serve its receptor, a true 
member of the TNF-receptor family.^^ 

All members of the TNF-receptor family are believed 
to be transmembrane proteins that consist of two iden- 
tical subunits. The family is defined by a cysteine-rich 
amino-acid motif that recurs three to six times in the 
extracellular domain. The cytoplasmic domains vary 
more than the extracellular domains. Notably, certain 
receptors contain a 60-residue cytoplasmic sequence 
known as the "death domain." In the 55-kd TNF recep- 
tor and the Fas receptor, this domain is required for the 
transduction 'of an apoptotic signal. ' ' 

With the exceptions of TNF and lymphotoxin-a, 
each member of the ligand family binds to a specific re- 
ceptor. TNF and lymphotoxin-a engage two receptors 
(the 55-kd and 75-kd TNF receptors) with similar affin- 
ity. These two cytokines initiate similar (if not identi- 
cal) biologic responses, although they are produced by 
different types of cells (lymphotoxin-a is produced ex- 
clusively by lymphocytes and natural killer cells, and 
TNF predominantly by macrophages) in response to dif- 
ferent stimuli (antigenic or mitogenic stimuli for lymphb- 
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... Figure 1. Range of Actions of TNF. , 
In response to inflammatory stimuli such as lipopolysaccharide, 
macrophages produce TNF. TNF binds to receptors present on 
virtually all cells throughout the t)ody, causing a variety of 
' ' reactions. 

toxin-a and lipopolysaccharide or other macrophage- 
activating agents for TNF). 

Functions of TNF Ligands and Receptors 

For many years, the role of members of the TNF-lig- 
and and TNF-receptor families in immunity and in the 
development of the immune system remained specula- 
tive. The first indication of their function came from 
the finding that mutations of the Ugands or their recep- 
tors can cause disease. Striking examples are the Ipr 
(lymphoproliferation) and gld (generalized lymphopro- 
liferative disease) mutations of mice, which were found 
to specify defects of the Fas receptor {Ipr) and the Fas 
ligand (gld). These mutant mice have long been taken 
as models of systemic lupus erythematosus because 
they have lymphadenopathy and splenonriegaly and form 
autoantibodies. In the homozygpus state, each mu- 
tation causes the accumulation of large numbers of 
T cells lacking the CD4 and CDS surface proteins. Het- 
erozygous pairing of the /j&r^P allele (CG denotes "com- 
plements gl(P') with the gld allele also causes lynipho- 
proliferation, -suggesting that the products , of. the two 
loci might interact with one anpther.^^ . 

Further study demonstrated that the Ipr^ allele en- 



codes a mutant Fas receptor that can bind its ligand but 
lacks signal-transducing activity. The classic Ipr muta- 
tion, by contrast, abolishes the expression of the Fas re- 
ceptor.^^'^^ The Ipr^^ allele contains a point mutation 
within the death domain of the Fas receptor that pre- 
vents signal transduction but does not affect ligand bind- 
ing.^ The gld allele contains a point mutation that in- 
activates the Fas ligand.*^ It is widely suspected that 
mutations of the Fas ligand or its receptor cause a fail- 
ure of apoptosis in T lymphocytes. This, in turn, leads 
to massive accumulations of lymphocytes in lymph 
nodes and spleen and features of autoimmunity. 

Humans with mutations of the Fas-receptor gene 
have also been identified. As in mice with similar mu- 
tations, these patients have lymphadenopathy, spleno- 
megaly, and signs of autoimmunity at an early age.***"^^ 
Mutations of the Fas-receptor gene in humans with 
lymphoproliferative disease may be associated with the 
lafck of a receptor protein; missense mutations of the 
gene interfere v^dth signal transduction by the receptor 
because of faulty interaction v^th downstream signaling 
components. 

Other members of the TNF-ligand and TNF-recep- 
tor families are also important in immune function. For 
example, the syndrome of X-linked immunodeficiency, 
in which there are high levels of IgM and low or absent 
levels of other immunoglobulins, is caused by a muta- 
tion in the CD40 ligand.^^'^^ Interaction of the CD40 
ligand on T cells with the CP40 receptor on B cells me- 
diates immunoglobulin-class switching (the conversion 
from the production of IgM antibodies to the^ produc- 
tion of IgG antibodies) and clonal expansion of antigen- 
responsive B cells. In mice, deletion of the CD40-ligand 
or CD40-receptor genes results in a phenotype that re- 
sembles the disease that occurs in humans.^^*^^ 

Since naturally occurring mutations that interfere with 
the function of TNF, lymphotoxin-a, or their two recep- 
tors have not been identified, it has been necessary 
to ablate the genes in mice through a "gene knockout." 
Both the 55-kd and the 75-kd TNF receptors have been 
deleted in this manner. Genetically engineered mice lack- 
ing the 55-kd TNF receptor are moderately resistant to 
the lethal effect of lipopolysaccharide but highly suscep- 
tible to infection hy Listeria monocytogenes }^'^^ Mice lack- 
ing the 75-kd TNF receptor are moderately resistant to 
the lethal effect of TNF itself and to dermal necrosis 
elicited by repeated intradermal injections of TNF.^* An- 
imals lacking both receptor genes have the sum of these 
phenotypic effects but no gross developmental effects. It 
would thus appear that, consistent with the different 
structure of their cytoplasmic domains, the two TNF re- 
ceptors fulfill different functions in vivo. 

Surprisingly, deletion of both the TNF and lympho- 
toxin-a genes, which removes the only ligands known 
to interact with the two TNF receptors, does not yield 
the same phenotype as the deletion of both receptors. 
On the contrary, mice in which the lymphotoxin-a gene 
has . been deleted, either alone or in combination with 
the TNF gene, have no lymph nodes and Peyer's patch- 
es and no splenic white pulp. The thymus is grossly 
preserved.'^ 
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Table 1. Recently Characterized Members of the TNF-Ligand and TNF-Receptor Families.* 
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*Other members of these two families include the CD27, CD30, OX-40, and 4- IBB Ugands and receptors. TRADD denotes TNF-reccptor-associated death domain, TRAP-1 TNF-receptor- 
associated protein K TRAP TNF-reccptor-associatod factor, LAP-1 latent membrane protein type 1 -associated protein, CRAF-1 CD40-fcceptor-associated factor I, ND not dctcraiined. FAP-1 
Fas- associated protein 1, FADD (or MORT-1) Fas-associated death domain, NA not applicable, and CAP-1 CD40-associated protein 1. 



ceptor fragments crystallize with each lymphotoxin-a 
t rimer. ^ , 

Crystallization of the extracellular domain of the 55- 
kd receptor in the absence of ligand yields a dimeric 
protein, in which each subunit is arranged head to head 
with the other. The 55-kd receptor on the cell surface 
might thus be dimeric in the absence of TNF, A dimeric 
conformation would allow for a hexagonal array of 
dimeric receptors and trimeric Ugand molecules, which 
could generate signals by making contacts between 
their cytoplasmic domains (Fig. 2B). Alternatively, each 
dimeric receptor might act as an independent "molecu- 
lar switch," undergoing rearrangement after engaging 
the trimeric ligand^ (Fig. 2C). 

The molecular-switch model is strongly supported by 
the effect produced by substituting an erythropoietin- 
receptor extracellular domain for the extracellular do- 
main of either TNF receptor. This leads to constitu- 
tive signaling activity in the cell (i.e., a perpetual "on" 
state).^ The conformation of the receptor dimer, rather 
than dimerization itself, is thus the critical issue in sig- 
nal transduction. Moreover, an essential attribute of the 
extracellular domain of the TNF receptor is its ability 
to prevent signal transduction in the absence of a lig^ 
and. If the extracellular domains are removed,^* grossly 
modified or displaced by an antibody,*'*"*^ signaling is 
initiated. : • : . , 

One of the most intriguing actions of TNF is the in- 
duction of apoptosis. Apoptosis is almost certainly rel- 
evant to -some of the toxic effects of TNF, such as shock 
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These results may reflect the fact that the lympho- 
toxin-a gene is required for the formation of not only 
the lymphotoxin-a homotrimer but also the lymphotox- 
in-P heteromer.*^ Interaction between the lymphotoxin- 
P heteromer and the lymphotoxin-)3 receptor is proba- 
bly required for lymph-node development. Lymph 
nodes fail to develop in lymphotoxin-a-deficient mice 
despite the fact that the lymphoctye subtypes are dis- 
tributed normally in peripheral blood. Lymphotoxin- 
a-deficient lymphocytes are readily incorporated into 
the lymph nodes of normal mice, and lymphotoxin- 
a-positive lymphocytes fail to induce the development of 
lymph nodes in lymphotoxin-a-deficient mice. There- 
fore, the failure of lymphotoxin-)3 heteromer to be ex- 
pressed on the surface of a nonlymphoid cell, such as a 
lymph-node stromal element, would seem to preclude 
normal development of peripheral lymphoid tissues.'^ 

How THE Receptors Work 

Interactions between TNF and its receptors are pre- 
sumably typical of interactions between the other lig- 
and-receptor pairs in these two molecular families. 
Trimeric Hgands of the TNF family may cause aggre- 
gation or clustering of receptor subunits, thereby trig- 
gering a cellular response, since antibodies against ei- 
ther of the two TNF receptors mimic the actions of 
TNF.*'*"** Support for the aggregation model (Fig. 2 A) 
is bolstered by the crystal structure of lyrhphotoxin-a, 
which forms a complex with extracellular-domain frag- 
ments of the 55-kd TNF receptor,*^ in which three :re- 
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and inflammation. TNF-induced apoptosis may. also 
have .physiologic relevance, as does the apoptosis in- 
duced by the Fas receptor. It is possible, for^ example, 
that TNF-mediated apoptosis of infected - cells helps 

protect the host. It is likely that both TNF receptors 
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Rgure 2. Three Models of the Molecular Events in TNF 
Signaling. 

Panel A shows the trimerization hypothesis. In this model, the 
juxtaposition of three receptors results from their binding of a 
single TNF trimer. The resultant complex generates an activat- 
ing signal. 

Panel B shows the expanding-network hypothesis. A growing 
hexagonal array of TNF trimers t>ound to TNF-receptor dtmers 
takes account of the dimeric structure of TNF receptors free of 
tigands and the capacity^ of each ligand molecule to engage 
three receptor subunits. ^'Capping' of receptors would trigger a 

biologic response. 
Panel C shows the molecular-switch hypothesis, the most fa- 
vored model. In this model each receptor dimer is an activatable 
unit. Receptor activation occurs in response to two events. First, 
the ligand binds to subunit B of the receptor. Second, subunit A 
disengages from subunit B, which permits binding of the recep- 
tor to a second available site on the ligand surface. These 
events cause conformational changes within the cytoplasmic 
domain of the receptor, leading to signal transduction. Specifi- 
cally, the death domains of the 55-kd TNF receptor or Fas re- 
ceptor might undergo homodimerization. The graph shows an 
imaginary profile of the free energy associated with conforma- 
tional changes between the "off" and "on" states of the recep- 
tor. It Is supposed that a large activation-energy barrier pre- 
vents transition from the off to the on state in the absence of 
ligand and that TNF effectively catalyzes this transition, thereby 
"throwing the switch." Moreover, as depicted here, the free en- 
ergy of the on state, which presumes a stable association be- 
tween TNF and the receptor, may be substantially lower than 
the free energy of the off state, and this may be irreversible. 



participate in cell death, although the 55-kd receptor is 
more potent than the 75-kd receptor Since the cyto- 
plasmic domains of the two receptors are structurally 
different, each must initiate apoptosis through distinct 
mechanisms. < . ■ 

Proteins Used by the TNF-Receptor Family for 
Signal Transduction 

Several proteins that bind intracellularly to receptors 
of the TNF family have been identified (Fig. 3). The first 
to be identified were the TNF-receptor-associated fac- 
tors (TRAFs), which have high affinity for the 75-kd 
TNF receptor.^^ Their biologic function is unknown. 
Most contain two protein motifs termed the "zinc fin- 
ger" and "ring finger." TRAF-2 may form a homodimer 
with itself or a heterodimer with TRAF-1. TRAF-2, 
TRAF-3 (also known as GEHO-receptor-associated fac- 
tor 1 [GRAF-1] or latent membrane protein type 1- 
associated protein [LAP-1]), and the closely similar 
CD40-associated protein 1 (CAP-1) bind not only to the 
75-kd TNF receptor, but also to the lymphotoxin-)3 recep- 
tor and the CD40 receptor. Moreover, TRAF-3 also binds 
to latent membrane protein type 1, a protein of the Ep- 
stein-Barr virus that is essential to cell transformation.^ 
An entirely different class of cytoplasmic proteins 
bind to the 55-kd TNF receptor and the Fas receptor. 
These proteins are important in transducing signals for 
programmed cell death. The Fas -associated death do- 
main (FADD),52 also called MORT-l,^* the TNF-recep- 
tor-associated death domain (TRADD),** and the re- 
ceptor interacting protein (RIP)^^ bind to the Fas 
receptor, the 55-kd TNF receptor, and both receptors, 
respectively. Each of these proteins contains a version 
of the death domain found within the receptors them- 
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Figure 3. Proteins That Bind the Cytoplasmic Domains of Receptors for TNF, Lymphotoxin-a, Lymphotoxin-^ (LT-^), CD40 Ugand, 

Fas Ugand, and Latent Membrane Protein Type 1 (LMP-1). 
Lymphotoxin-a and TNF bind to the same 55-kd and 75-kd TNF receptors. Proteins and domains with similar structures or functions, 
such as TNF-receptor-associated death domain (TRADD). receptor-interacting protein (RIP), Fas-associated death domain (FADD, 
or MORT-1) molecules, and the death domains of the Fas and 55-kd TNF receptors, are generally portrayed by identical shapes but 
in different colors. Zn is used to denote proteins known to contain ring-finger and zinc-finger motifs that bind to the 75-kd TNF re- 
ceptor, lymphotoxin-p receptor, and CD40-ligand receptor. TNF-receptor-associated factor type 1 (TRAF-1) lacks a zinc-finger motif 
but binds to TRAF-2. which has both ring-finger and zinc-finger motifs. CD40-associated protein 1 (CAP-1), which is structurally very 
similar to TRAF-3, is thought to be capable of replacing TRAF-3 as a binding partner for the lymphotoxin-)3 receptor and CD40-ligand 
receptor. LMP-1 is a plasma-membrane protein that spans multiple domains and is encoded by the genome of the Epstein-Barr virus. 
It has no homology to members of the TNF family. Not ail possible combinations and interactions are shown. In addition, certain 
binding proteins that were not discussed in the text belong neither to the zinc- and ring-finger family nor to the death-domain family 
of transducers. These include TNF-receptor-associated protein 1 (TRAP-1), a heat-shock protein analogue*^; the 55.11 protein, a 
proteasome regulatory subunit^^; and Fas-associated protein 1 (FAP-1), a protein tyrosine phosphatase that binds to the Fas receptor 
near its carboxy terminal and is thought to decrease the intensity of signals generated by this receptor.^^ 



selves. This motif permits interaction between receptor 
and transducer molecules. 

FADD^**^^ is a proximal transducer of the apoptotic 
activity of the Fas receptor, with which it forms a het- 
erodimer. Engagement of the ligand causes the release 
of homodimeric FADD, which relays the death signal to 
the cytoplasm, FADD is incapable of forming hetero- 
dimers \nth receptors encoded by the mutant Ipr^^ gene. 
Hence, it is at precisely this level that the Ipr^^ muta- 
tion interrupts signaling. 

Acting in an analogous fashion, TRADD is a proxi- 
mal transducer of apoptosis mediated through the 55- 
kd TNF receptor.'* RIP appears to serve both the 55-kd 
TNF receptor and the Fas receptor. The transducers 
may interact with distinct targets downstream from the 
receptor. AlthougH overexpression of any of the trans- 
ducers can initiate cell death, different portions of each 
protein act to carry the apoptotic signal forward within 
the cytoplasm.** Moreover, RIP is far larger than either 

TRADD or FADD and contains a kinase domain.^ 
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In accordance with the molecular-switch hypothesis, 
a receptor modified by the binding of ligand might ef- 
fectively catalyze the formation of homodimeric FADD, 
TRADE), or RIP (Fig. 4), causing confonhational chang- 
es in these molecules that lead to further reactions in 
the signaling cascade. This scenario is consistent with 
the observation that modified receptors are constitu- 
tively activated in the absence of ligand.^ A detailed 
discussion of the distal components of the cascade by 
which the death signal is conveyed is beyond the scope 
of this review.^^'^^ ' 

Clinical Effects of TNF and LvMPHOxoxiN-a 
Blockade 

- Extensive clinical trials have been performed to test 
monoclonal antibodies that selectively neutralize TNF 
(but ' not lymphotoxin-a) in the treatment of septic 
shock! To date, double -blind, controlled studies have 
hot documented a siibstaritiarbenefit.^^'^ However, sep- 
tic shock is a fulminant disease in which considerable 
5n, Inc. on March 24. 2004/ 
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Rgure 4. Proposed Catalysis of the Homodimerization of 
TRADD. RIP, and FADD by the Cytoplasmic Domain of Ligand- 

Activated Receptor. 
According to the molecular-switch model presented in Figure 
2C, ligand binding causes a conformational change in the cyto- 
plasmic domain of a dimeric receptor. The relation between the 
death domains (red rectangles) then favors the formation of 
TRADD, RIP, or FADD (or MORT-1) homodimers, pemiitting sig- 
nal transduction to be carried downstream to components of the 
pathway that results in cell death. Homodimers do not form 
spontaneously unless TRADD, RIP. or FADD is artificially ex- 
pressed at very high levels in the cell A and B refer to the sub- 
units of the receptor. 

damage may already have occurred before the initia- 
tion of therapy. The different goal of treating chronic 
inflammatory diseases, in which slow, continuous tis- 
sue damage may occur owing to the presence of TNF, 
has met with greater success. For example; anti-TNF 
antibodies lessen pain, joint swelling, anemia, and ele- 
vated erythrocyte sedimentation rates in patients with 
rheumatoid arthritis .^^"^^ Encouraging results have also 
emerged from the use of anti-TNF antibodies in the 
treatment of Crohn's disease.^* 

Therapy with anti-TNF antibodies has several short- 
comings,, however. First, anti-TNF antibodies do not 
prevent signaling of either of the homotrimeric TNF re- 
ceptors, since they do not neutralize lymphotoxin-a. 
Second, the antigenicity of murine monoclonal antibod- 
ies, and even humanized monoclonal antibodies, may 
preclude long-term therapy. Third, complement fixa- 
tion and other reactions related to the formation of im- 
mune complexes might be harmful in patients receiving 
anti-TNF antibodies. Finally, the concentration of mon- 
oclonal anti-TNF antibody required to achieve neutral- 
ization is very high; consequently, blockade might be 
expensive to maintain. . _ 

The use of chimeric inhibitor molecules (Fig. 5), in 
which the extracellular domain of the TNF receptor is 
spliced to an immunoglobulin heavy-chain fragment, 
might circumvent all these problems.* Such molecules 
are as stable in vivo as immunoglobulins. Because they 
are composed of two nonantigenic elements, they are 
minimally antigenic. Their mode of action is highly 
specific, since their binding domain is a receptor. More- 
over, they are broad -spectrum agents, since, they neu- 
tralize both TNF and lymphotoxin-or,^ preventing the 

activation of both TNF receptors. On a weight basis. 
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chimeric inhibitors are far more potent than monoclon- 
al anti-TNF antibodies, because the receptor has a far 
higher affinity for the ligand than does the antibody.^^*^^ 
Chimeric TNF inhibitors have been produced in mice 
with adenoviral vectors. Milligram quantities of the 
protein were present per milliliter of plasma,^^ causing 
complete neutralization of TNF and lymphotoxin-a in 
vivo. One day, gene transfer might be used to produce 
the inhibitor protein in patients with inflammatory dis- 
eases related to the overproduction of TNF. 

The Future of TNF 

The breadth of actions ascribed to TNF is remark- 
able (Fig. 1). The molecule is one of the best-character- 
ized gateways to apoptosis. It is essential for defense 
against intracellular pathogens. It is a pro -inflammato- 
ry mediator that can, when overproduced, cause shock 
and tissue injury. Low levels of TNF may account for 
the state of insulin resistance that contributes to the de- 
velopment of type n diabetes mellitus.^^^ Given the 
complexity of the biomedical problems that involve 
TNF, it is fortunate that the groundwork for a compre- 
hensive understanding of this cytokine has been laid 
with the identification of its receptors and many of their 
signaling intermediates. 

The lupus-like state that follows abrogation of the 
function of the Fas ligand or receptor suggests that 
some autoimmune disorders could involve defects in the 
Fas- or TNF-signaling axes. The observation that the 
administration of TNF attenuates or prevents some au- 
toimmune diseases in animals supports this view.'^'^ 
TNF may never prove useful in the treatment of widely 
disseminated cancer, but the insight into tumor-cell vul- 
nerability gained through studies of TNF sigrial trans- 
duction may ultimately yield novel chemotherapeutic 
approaches. 

Ways to block the biosynthesis or action of TNF 
could have important clinical applications. TNF has 
served as the principal end point in most studies of en- 
dotoxin signal transduction. It is Ukely that drugs im- 
pairing each step of that process will soon be tested for 
antiinflammatory efficacy. TNF and lymphotoxin-a can 
already be neutralized, and neutralization of other mem- 
bers of the ligand family is being explored .^^ Thus, new 
and highly specific approaches to the treatment of in- 
flammatory disease may soon be at hand. 



Discussion 

Dr. Jeffrey Flier: What is the relative role of tran- 
scription and translation in vivo in activating .TNF? 
Can you discuss your work on transgenic mice that re- 
lates to this issue? . - 

-Dr. BeutleR: The biosynthesis of TNF is controlled 
by two switches — one transcriptional and one trans- 
national — : that work in concert with - each other. The 
activation of macrophages by lipopolysaccharide caus- 
es a 50-fold increase in . TNF messenger RNA and a 
100-fold increase in translational efficiency. The. rate 
of production of TNF protein increases by a factor of 
several .thousand. My colleagues and I created trans- 
genic mice bearing a reporter construct in which the 
TNF coding sequence was replaced by DNA coding 
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Rgure 5. Predicted Tertiary and Quaternary Structures of TNF-lnhibitor Molecules Created by Fusing the Extracelluleu' bbmalh of the 

TNF Receptor to Domains CHg, CH3, and CH4 of an IgG Heavy Chain. . ' - > ? zl^rux-'^iri^k^ 
Two views of the molecule, binding to a lymphotoxin-a trimer. are shown (Panels A and B), The binding of lymphotbxih-a to 'the ex- 
tracellular domain of the 55-kd TNF receptor was reported by Banner et al.^^ and is used to model this portion of the chimeric protein 
(yellow). The IgG moiety is blue! The lymphotoxin-a trimer subunits are green, white, and red. This model was assembled by 
- " Dr. Stephen Sprang. ^ . ; . V! r * ' . 



for the marker enzyme chloramphenicol acetyltrans- 
ferase, or CAT. The CAT-reporter transgene behaved 
rather like the TNF gene itself and revealed to us that 
TNF is produced constitutively in the thymus and troph- 
oblast. However, its function in these tissues remains 
unknown. 

A PHYSICIAN: What signals do the ring- and zinc-fin- 
ger proteins convey? 

Dr. Beutler: There is a tendency to think that they 
may transduce mainly proliferative signals. The recep- 
tors to which they bind have largely proliferative func- 
tions. This is true of the 7^"^*^ TNF receptor and the 
CD40-ligand receptor. It may also be true of the lym- 
photoxin-)3 receptor. Common transducers may there- 
fore produce a common effect, in what, amounts to 
cross-communication among the three. On the other 
hand, each receptor does have unique properties, and 
it is unlikely that any one of them can truly substitute 
for another. 

A Physician: What do we know about how TNF ac- 
tually causes apoptosis? Specifically, what makes tumor 
cells so sensitive to it? ' 

Dr. BeutleR: It is still not clear why the cells are so 
sensitive. Almost any kind of cell can be lysed by TNF 



in the presence of protein-synthesis inhibitors. The genr 
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eral thinking has been that tumor cells lack^'a short- 
lived protective factor that enables normal cells to es- 
cape the cytolytic effect of TNF. Members of the family 
of proteases containing interleukin- 1)3 -converting en- 
zyme have been impUcated as downstream transducers 
in the TNF and Fas signaling pathways. Inhibitory 
members of the Bcl-2 family of proteins, such as Bak, 
may also be involved. However, a clear and complete 
biochemical pathway has yet to be established. There- 
fore, we cannot say precisely why certain tumor cells 
are sensitive to TNF, nor do we know what advantage 
this might confer. 

Dr. Vikas Sukhatme: Is it possible to make TNF 
antagonists? ^ ' 

Dr. Beutler: True antagonists have not yet. been 
designed, although theoretically it should be possible to 
achieve this. A heteromeric form of TNF, with only one 
site capable of binding to the receptor, might fulfill such 
a function. 

Dr. Flier: Could you tell us whether the pharma- 
ceutical industry is using the TNF inhibitors that you 
developed? , v. - - ^ ^• 

, Dr. Beutler: The . chimeric inhibitors have ' now 
been produced for clinical use by a number of compa- 
nies. They are beine; tested for eflicacy in the treatment 
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of rheumatoid arthritis. Already, proof of principle has 
been supplied by the striking remissions induced by 
anti-TNF antibodies. There is reason to believe that 
chimeric inhibitors will perform even better, given their 
activity against lymphotoxin-a as well as TNF, their ex- 
traordinary affinity for these Ugands, and their relative 
lack of antigenicity. 
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Abstract 

Tumour necrosis factor (TNF) plays a 
central part in the pathophysiology of 
rheumatoid arthritis (RA). TNF initiates 
signal transduction by interacting with 
surface boimd TNF receptors. Soluble 
tumour necrosis factor receptors 
(sTNFRs) act as natural inhibitors of TNF 
activity. Etanercept, recombinant p75 
sTNFR:Fc fusion protein, has received 
approval from the US Food and Drug 
Administratidn for patients with RA and 
juvenile RA (JRA) who have failed treat- 
ment with at least one other drug. Etaner- 
cept has demonstrated excellent safety 
and efficacy in large scale, randomised, 
double blind, placebo controlled trials of 
patients with RA and JRA who are refrac- 
tory to other disease modifying anti- 
rheumatic drugs. The therapeutic effects 
mediated by etanercept are rapid and sus- 
tained. Combining etanercept with meth- 
otrexate was found to be safe and more 
effective than treatment with methotrex- 
ate alone in the treatment of RA. These 
clinical findings demonstrate that etaner- 
cept can result in symptomatic improve- 
ment, in patients with RA and JRA* 
Etanercept is an important new addition 
to the treatment of these diseases. 
(Ann Rheum Dis 1999;58:(SuppI I) 165-169) 



Tumour necrosis factor (TNF) is known to 
play a central part in the pathogenesis of rheu- 
matoid arthritis (RA). As the importance of 
TNF in RA began to be understood, the 
intriguing possibility emerged that blocking the 
activity of TNF might improve RA symptoms 
and perhaps even slow disease progression. In 
the past few years, biological response modifi- 
ers capable of neutralising TNF have been 
developed and tested in patients with RA. One 
of these agents, etanercept, has recendy been 
approved by the US Food and Drug Adminis- 
tration (FDA) for patients with RA or juvenile 
rheumatoid arthritis QRA) who have failed 
treatment with at least one other disease modi- 
fying drug. 



TNF plays a central part in the 
pathophysiology of RA 

'TNF is a proinflammatory cytokine that is pri- 
marily produced by monocytes, macrophages, 
and lymphocytes.*"^ Bioactive soluble TNF is a 
homotrimer composed of three identical 17 
kDa TNF molecules.^ TNF must engage two 

- or more membrane bound TNFRs to initiate 

'intracellular signal transduction.' 



The role of TNF in arthritis has been shown 
in mice transgenic for human TNF, in which 
synovitis and destructive arthritis spontane- 
ously develop.' Additionally, TNF is fovmd in 
high concentrations in the synovium and syno- 
vial fluid of patients with RA^ the level of 
TNF in the synovium correlates with the 
degree of synovitis and bone erosions.' " 

TNF triggers several important events that 
lead to the synovitis and tissue destruction 
exhibited in RA. It causes proliferation of syn- 
oviocytes, production of other proinflamma- 
tory cytokines such as interleukin 1 (ILl), 
interleukin 6 (IL6), and GM-CSF; induces 
production of metalloproteinases such as colla- 
genase and stromelysin, and increases expres- 
sion of adhesion molecules. In addition, 
prostaglandin production by synoviocytes is 
increased, which, in conjunction with ILl, IL6, 
and TNF itself, increase proliferation and 
aaivity of osteoclasts, leading to destruction of 
bone.'^** 

In addition to TNF, other proinflammatory 
cytokines, most importantly ILl, are thought 
to be involved in the pathogenesis of RA. As 
previously mentioned, TNF induces the ex- 
pression of both ILl and IL6.'^"*' In contrast, 
ILl stimulates IL6 production, but seems to be 
a less potent stimulator of TNF production.** 



Soluble TNF receptors: natural TNF 
inhibitors 

Although the concept of blocking TNF activity 
has been considered since the mid-1980s, the 
discovery that membrane associated TNFRs 
existed in soluble forms that retained ligand 
binding capacity led to the relatively recent 
development of this novel approach for neu- 
tralising TNF. sTNFR based agents have 
several advantages as a means of inhibiting 
TNF activity. sTNFR based compounds do 
not require non-human amino acid sequences. 
This reduces their antigenic potential and 
minimises the likelihood that humans treated 
with these agents will develop antibodies 
against them that could potentially interfere 
with their therapeutic effects. Furthermore, 
sTNFR based agents effectively neutralise cir- 
culating TNF molecules. This distinguishes 
them from receptor antagonists, which prevent 
activity by interacting with the receptor but 
leave the active ligand in circulation. 

There are two distinct TNF receptor mol- 
ecules that bind TNF with comparable affini- 
ties, the p55 or type 1 TNFR and the p75 or 
type 2 TNFR.^° Soluble forms of both 
receptors have been identifled." These 
sTNFRs can neutralise TNF activity both in 
vivo and in vitro, and both are believed to act as 
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Figure J Effect of treatment on tender and swollen Joint counts in phase II trial. (A) Mean tender joint count. (B) Mean 
swollen joint count. Shaded bars represent the treatment period. 



natural inhibitors of TNF activity.^'"" The lev- 
els ofsTNFRs are often markedly increased in 
the sera and synovial fluid of RA patients.^" 
However, it seems that an imbalance between 
TNF and sTNFR expression contributes to the 
perpetuation of inflammation and subsequent 
joint destruction in patients with RA." 

Development of etanercept for clinical 
use 

Cloning of the TNFR genes has allowed the 
expression of recombinant forms of sTNFRs. 
Etanercept is a dimeric fusion protein consist- 
ing of the extracellular portion of the human 
p75 TNFR linked to the Fc portion of human 
IgGl.^ 

To better serve as therapeutic agents, etaner- 
cept was designed to improve upon the charac- 
teristics of monomeric sTNFRs. like naturally 
occurring sTNFRs, it is highly specific for 
TNF and lymphotoxin a. However, compared 
with monomeric sTNFRs, etanercept has a 
much higher affinity for TNF.^ In addition, the 
presence of the Fc portion of human IgG 
extends the half life of etanercept approxi- 
mately fivefold to eightfold in vivo. 

Clinical studies of sTNFR based agents in 
patients vnih RA 

Etanercept has been assessed in clinical trials of 
adults with RA and patients with juvenile RA 
<JRA). On the basis of extensive data firom the 
etanercept clinical trials, this agent became the 
first biological response modifier approved by 
the FDA for use in patients with RA, and JRA. 

ETANERCEPT CUNICAL TRIALS 

The potential clinical utility of etanercept in 
adults with RA was assessed in three placebo 
controlled, double blind, randomised clinical 
trials involving over 500 patients. In the first 
placebo controlled etanercept trial, a phase 11 
trial involving 180 patients who had failed 
treatment with fi^om one to four disease modi-, 
fying anti-rheumatic drugs (DMARDs), pa- 



tients received a subcutaneous injection of pla- 
cebo or etanercept 0.25, 2, or 1 6 mg per square 
metre of body surface area) twice weekly for 
three months." Etanercept produced a signifi- 
candy greater improvement in all primary and 
secondary measures of disease activity than did 
placebo. A dose response relation was observed 
between etanercept dose and the primary out- 
come measures, with the greatest response 
firom the 16 mg/m^ dose (16 mg/m^ is roughly 
equivalent to 25 mg). The mean reduction 
firom baseline in total swollen and tender joint 
count was 61% with etanercept 16 mg/m^ and 
25% vrith placebo (fig 1). The difference 
between the two groups was apparent as early 
as two weeks after starting treatment. At the 
end of the three month treatment period, a sig- 
nificantiy larger percentage of patients in the 
etanercept 16 mg/m^ group (75%) than in the 
placebo group (14%) had at least a 20% 
improvement in the ACR. Similarly, 57% of 
patients receiving etanercept 16 mg/m^ experi- 
enced a 50% improvement in symptoms, com- 
pared with only 7% of the placebo group (a 
significant difference). Disease activity re- 
turned toward baseline within two months 
after discontinuation of etanercept treatment, 
suggesting the need for continued treatment. 

On the basis of the favourable results firom 
the phase II study, a second placebo controlled 
study was conducted using a simplified etaner- 
cept dosing schema and an extended duration 
of treatment.^ In this trial, 234 patients with 
refractory RA (inadequate response to i^ 
prior DMARDs) were randomised to receive 
placebo, etanercept 10 mg, or etanercept 25 
mg subcutaneously twice weekly. All patients 
were required to have at least 12 tender/10 
swollen joints, and at least one of the following: 
erythrocyte sedimentation rate (ESR) > 28 
mm 1st h, C reactive protein (CRP) > 2.0 
mg/dl, or morning stiffness for at least 45 min- 
utes. The primary efficacy end points were 
20% and 50% improvement in disease activity 
at three and six montfis, as defined in the ACR 
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Figure 2 ACR responses at six months in phase III trial. (A) Per cent of patients achieving a 20% ACR response. (B) 
Per cent of patients achieving a 50% ACR response. (C) Per cent of patients achieving a 70% ACR response. 



Table 1 Mean per cent improvement in quality of life at 
six months* (Phase HI) 







Etanercept 




Placebo 


10 mg 


25 mg 


VariabU 


(n=8Q) 


(n=76) 


(n^78) 


Disability Index 


2 


34t 


39t 


General health status 


-12 


34t 


33t 


Arthritis specific health status 


-22 


31t 


44t 


Vitality 


2 


22t 


25t 


Mental health 


3 


17 


35n 



♦Positive numbers represent improvement, negative numbers 
represent worsening. 

fp <0,05 for etanercept groups con^)ared with placebo group. 
4P <0.05 for eunercept 10 mg compared with etanercept 25 



response criteria. Secondary end points in- 
cluded the individual components of the ACR 
response. This trial employed joint assessors 
who were blinded to treatment, were not 
involved in patient care, and did not discuss the 
study with patients or investigators. 

Etanercept produced significantiy greater 
improvement in all primary and secondary 
measures of disease activity than did placebo, 
and a dose response was apparent, with etaner- 
cept 25 mg being more effective than etaner- 
cept 10 mg. At six months, 59% of patients in 
the etanercept 25 mg, 51% of patients in the 
etanercept 10 mg, and 11% of patients in the 
placebo group achieved a 20% ACR response 
(p <0.00i for each etanercept group compared 
with the placebo group). The percentage of 
patients achieving a 50% and 70% ACR 
response was also superior in patients receiving 
etanercept (fig 2; p^ 0.001 for etanercept 25 
mg V placebo). 



Clinical responses generally were observed 
within one or two weeks and nearly always 
within three months after starting treatment. 
Of patients receiving etanercept 25 mg, 15% 
experienced a 70% ACR response after three 
months and six months of treatment, com- 
pared with fewer than 5% of patients who 
received placebo. The components of patient 
assessment of physical function (that is, 
disability index) measured using the Health 
Assessment Questionnaire were improved to a 
significantiy greater extent by etanercept than 
by placebo (table 1). 

In the third randomised etanercept trial in 
adult RA, the combination of methotrexate 
(MTX) and etanercept was compared with 
MTX plus placebo." In this double blind, ran- 
domised study, 89 patients with persistentiy 
active RA despite MTX treatment received 
subcutaneous injections of either placebo or 
etanercept 25 mg twice weekly in addition to 
continuing MTX (12.5 to 25 mg per week). 
The combination of etanercept and methotrex- 
ate resulted in 7 1 % of patients achieving a 20% 
ACR response, compared with only 27% of 
patients who received methotrexate alone. As 
with the phase 3 trial, the percentage of 
patients achieving a 50% and 70% ACR 
response was statistically significantiy greater 
for patients receiving etanercept (fig 3). Re- 
sponses were rapid and durable. 

The improvements in disease activity medi- 
ated by etanercept are maintained with long 
term treatment in the majority of patients 
(Moreland LW, et al, XlVth European Con- 
gress of Rheumatology, Glasgow, 1999). Of 51 




Figure 3 ACR responses at six rrionths in methotrexate ± etanercept tried. (A) Per cent of patients achieving a 20% ACR 
response. (B) Per cent of patients achieving a 50% ACR response, (C) Per cent of patients achieving a 70% ACR response. 
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Figure 4 Median tender and swoUen joint counts in long term open label etanercept trial 

patients treated with etanercept 25 mg subcu- 
taneously twice weekly for 24 months in a long 
term open label trial, tender and swollen joint 
counts were improved by 87 and 84%, respec- 
tively, and 88% of patients achieved a Paulus 
20 response at 24 months (fig 4). 

Finally, preliminary results of a placebo con- 
trolled trial of etanercept in JRA have been 
reported (Lovell DJ, et ai American College of 
Rheumatology 62nd National Meeting, San 
Diego, 1998). Eligible patients were between 
the ages of 4-17 and had active, polyarticular 
course JRA, All patients received etanercept 
0.4 mg/kg subcutaneously twice weekly for up 
to three months. Patients who met the JRA 
definition of improvement criteria at the end of 
three months were then randomised to con- 
tinue . on . etanercept at the same dose and 
schedule or to receive placebo vintil disease 
flare occurred, or until four months elapsed, 
whichever was earlier. Sixty nine patients 
enrolled in the trial, and 51 (74%) met the cri- 
teria for improvement at three months and 
entered the blinded portion of the trial. A 
significantiy greater number of patients who 
received placebo had disease flare than did 
patients who received etanercept. 

Data from these studies indicate that etaner- 
cept has a favourable safety profile. In placebo 
controlled trials, the discontinuation rate at- 
tributable to adverse events was similar in the 
etanercept and placebo groups. The most 
conmion etanercept associated adverse event is 
injection site reaction, which developed in 37% 
of patients receiving etanercept versus 10% of 
those receiving placebo. This reaction is 
characterised by development of mild ery- 
thema, itching, pain, and/or swelling. The 
firequency of injection site reactions diminishes 
with time. In most RA patients these reactions 
do not necessitate drug discontinuation or 
require treatment. 

Treatment with etanercept does not impair 
immunocompetence, as assessed by DTH skin 
testing, serum immunoglobulin concentra- 
tions, or enumeration of inimune effector-cell 
populations (Moreland LW, et al, American 
College of Rheumatology 62nd National Meet- 
ing). The overall incidence of infections and 
. serious infections were similar in the etanercept 



and placebo groups in clinical trials. However, 
because data from clinical trials of etanercept 
in patients with microbial sepsis suggested an 
increase in mortality in patients receiving the 
highest dose (1.4 mg/kg body weight),^** 
etanercept should be used with caution in 
patients with serious infections, and these 
patients should be closely monitored. 

Anti-etanercept antibodies were detected at 
least once in the sera of 16% of treated RA 
patients at multiple time points. However, this 
positive titr^ generally appeared only sporadi- 
cally, and the antibodies were non-neutralising. 
Development of antibodies did not correlate to 
clinical response or adverse events. Treatment 
with etanercept has no clear effect on the 
development of autoantibodies and, no pa- 
tients developed clinical signs suggestive of a 
lupus-like syndrome or other new autoimmune 
diseases during clinical trials. Etanercept does 
not cause liver or kidney damage and thus 
regular blood monitoring is not required, and 
no increase in the incidence of malignancy has 
been observed to date in etanercept treated 
patients. 

Future considerations 

TNF antagonism with etanercept has already 
become an important new therapy for the 
treatment of RA and JRA. The experience 
obtained to date in clinical trials leaves littie 
doubt about the efficacy of etanercept in 
controlling symptoms in these patients. The 
question remains about the ability of etaner- 
cept to slow disease progression. Based on the 
preclinical data on TNF, etanercept would be 
expected to. slow bone and cartilage destruc- 
tion; however, previous trials have not investi- 
gated this issue. This question will soon be 
answered when the results of the largest 
randomised trial to date of etanercept in RA 
are reported. In this study, patients with early 
RA (less than three years since diagnosis and 
no prior methotrexate treatment) were ran- 
domised to receive etanercept 10 mg, etaner- 
cept 25 mg, or optimal doses of methotrexate 
for 12 months. Patients were evaluated clini- 
cally, as in previous trials, and radiographically, 
to determine the extent of progression of bony 
erosions. The results of this trial are likely to 
have a major impact on the ultimate place for 
etanercept in the treatment of RA. In addition, 
as more experience with etanercept is gained, 
effects on corticosteroid, NSAID, and 
DMARD requirements will probably become 
available, as well as information about long 
term health impact such as effects on disability 
and requirements for joint replacements. 

The success of etanercept in RA will 
probably be carried over into other TNF medi- 
ated diseases. Not only does TNF play a part in 
other rheimiatological conditions but also in 
Crohn's disease, heart failure, and mmierous 
other inflammatory conditions. Controlling 
TNF represents an important new avenue by 
which many diseases may one day be treated. 
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Abstract: Receptors in the nerve growth factor/tu- 
mor necrosis factor receptor family are charac- 
terized by the presence of cysteine-rich motifs ofc 
^40 amino acids in the extracellular domain. The 
ligands are type II transmembrane proteins with 
P-strands that form a jelly-roU ^-sandwich. The re- 
ceptors recognize soluble or cell-surface-botmd li- 
gands and mediate diverse cellular responses; 
Activation of intracellidar signals is mediated at least 
in part by the association of proteins with a RING 
finger motif or a death domain to the cytoplasmic 
domains of the receptors* In addition to cell-mem- 
brane-bound receptors sbliAle forms have been de- 
scribed . for most of the receptors. Activation of 
intracellidar signals not only occurs through ligand 
binding to the receptors but cross-linking of at least 
some members of the ligand family can regulate cell 
(unctions. X Leukoc. BioL 60: f-7; 1996. 

Key Words: host defense • differentiation • cell proliferation • 
apoptosis 



INTRODUCTION 

Members of the nerve. growth factor/tumor necrosis factor 
(NGF/TNF) receptor family are characterized by the pres- 
ence of one to six cysteine-rich motifs of approximately 40 
amino acids in the extracellular domain. The cysteine-rich 
regions provide the motif for binding to shared structures 
in the ligands [1, 2]. The receptor family now includes the 
low-affinity nerve growth factor receptor (NGFR) [3], 
TNFRl (or TNFR55) [4, 5], TNFR2 (or TNFR75) [6], the 
TNF receptor-related protein (TNFRrp) [7], which is a 
Lympholoxin (LT) p-specific receptor [8], CD40 [9], the 
Hodgkin's antigen CD30 [10], the T cell antigen CD27 
[11], Fas/APO-1 [12, 13], OX.40 [14], and 4-lBB/ILA 
[15, 16]. Shope fibroma virus,. cowpox virus, myxoma vi- 
ruses, and vaccinia viruses contain genes that are probably 
acquired from the host cellular genome that encode soluble 
TNF receptors. The proteins are secreted from virus-in- 
fected cells, bind TNF and LT, and inhibit'their biological ^ 
activity [17]. The TNF ligand family includes. TNF, LTa 
(also referred to as TNF-p), LTP [18], the CD40 ligand 
gp39 [19], CD70, the CD27 ligand [20], Fas ligand [21], 
4-lBB ligand [22]; and OX-40 ligand [23]. The TNF li- 
gand superfamily members, with the exception of LTa, are .^ 
lype II membrane glycoproteins with homology to TNF in 
the extracellular domain. V . ■ 



TNF and Fas regulate function of a broad spectrum of 
cell types and are implicated in diverse aspects of host 
defense responses and the pathogenesis of different dis- 
eases. Other members of the family, such as CD27, CD30, 
CD40, OX-40, and ILA/4-1BB appear to be involved pri- 
marily with the regulation of immune responses. TTiis re- 
view will summarize structure of receptors and ligands, 
signal transduction, and major biological functions. 



STRUCTURE OF RECEPTORS AND LIGANDS 

The structure of TNFRl extracellular domain has been 
determined on the basis of crystallization in complex with 
TNF-p [24] as well as in the absence of ligand [25]. The 
TNFR/TNF-p complex consists of three receptor molecules 
that are symmetrically bound to one TNF-p trimer. The 
receptor is an elongate molecule with four disulfide-rich 
domains in a nearly linear array and binds in the groove 
between two adjacent TNF-P subunits. The unliganded do- 
mains can form dimers of two distinct types [25]. Antipar- 
allel associations occiu: through an inteiface that overlaps 
the TNF binding site. This form of association would sepa- 
rate the cytoplasmic domains and could inhibit signaling 
; in the absence of TNF. Parallel dimers are also observed 
-in which the ,dimer interface is well separated from -the 
TNF binding site. Associations among TNF-bound parallel 
dimers could cause receptor clustering. 

In addition to cell-membrane-bound receptors within 
this family soluble forms have been described for the low- 
affinity NGFR [26], TNFRl, and TNFR2 [27, 28], Fas 
[29], CD27 [30], CD30 [31], CD40 [32], and 4-lBB [33] 
(Table 1). Soluble TNFR appear to be generated By pro- 
teolytic cleavage of the membrane-associated forms be- 
cause for each of these receptors only a single mRNA 
species has been detected. This is in contrast to the soluble 
form of the Fas molecule, which originates from an RNA 
splice variant [29]. The soluble form of Fas was also bio- 
logically active and inhibited apoptosis induced by an 
agonistic antibody. A mRNA splice variant of murine 4- 
IBB lacking the coding region for the transmembrane do- 
main was detected in different tissues [33]. However, a 
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TABLE 1. Soluble Forms of Receptors and ligands 



Receptor Soluble foim 



TNFRl Cleavage 
TNFR2 Cleavage 
LTPR ND 



Fas Alternate splice 

CD27 Cleavage 

CD30 Cleavage 

CD40 Cleavage 

OX-40 ND 

4-lBB Alternate splice 

NGFR Cleavage 





Soluble fonn 


TNF 


Cleavage 


TNF, LTa 


Cleavage 


Lip 


ND 


FasL 


ND 


CD27L/CD70 


ND 


CD30L 


ND 


CD40L/gp39 


Intracellular processing 


0X-40L 


ND 


4-BBL 


ND 



ND. not demonstrated. 

similar mRNA encoding a soluble ^nn of the human 
homologue ILA was not detected in an aiialysiS of a broad 
spectrum of ceU types. Recombinant forms of the soluble 
receptors that contain the entire extracellular regions or 
parts thereof have been important tools in characterizing 
the biological functions of the TNF-R and are under inves- 
tigation as therapeuac agerits-in sepsis, arthritis, and other 

conditions [34]. 

The Ugands of the TNF family are type II transmem- 
brane proteins. The structures of TNF and tTtt have been 
determined by X-iay crystallography [35-37]. The mono- 
mers represent ei^t p-strands that form a-jeUy-roli p- 
sandwich motif. Threefold related subunits form a tamer 
stabiUzed primarily by hydrophobic interactions. TNF has 
three sites at the interface between the subunits diat can 
interact with the receptor. Based on modeling studies the 
structures of the other ligands appear to be similar to TIM b . 

SIGNAL TRANSDUCTION THROUGH 
RECEPTORS 



ActiVation of the TNF receptors is triggered by the aggre- 
gation of cytoplasmic domains that occurs when the ex- 
tracellular domains of two or three receptors bind to 

trimeric TNF or LTa. . 

Several downstream signaling events that are activated 
by TNF and other ligands of the cytokine family had been 
characterized [38] but signaUng molecules that mediate 
the initial interaction with the ligand-occupied receptor 
have only recendy begun to be identified. The method used 
in mostof these studies for the isolation of molecules that 
interact with the intraceUular domains of the receptors was 
the yeast two hybrid system. • • i 

A region of 76 amino acids was identified by mutaUonal 
analysis to be required for signal transduction by the 
TNFR2. When this region was used in affinity purification 
and in the yeast two hybrid . system, two novel proteins, 
termed TNF receptor-associated factors (TRAF), were iso- 
lated TRAFl showed no significant sequence similarity to 
previously known molecules. TRAF2 contained an N-ter- 
minal RING finger sequence motif that may form zmc 
binding structures mediating protein-DNA or possibly pro- 



tein-protein interactions. TRAFl and TRAF2 o^ntain a 
highly homologous region of 230 ammo acids, called 
TRAF domain. This region appears to mediate heterodimer 
formation. Because TRAFl showed only weak direct bind- 
ing to TNF-R2, it has been suggested that TRAF2 interac- 
tion with TNF-R2 allows association of TRAEl [39]. A 
protein that also contams a C-terminal TRAF domain-and ; 
an N-terminal RING finger motif was identified on the « 
basis of its interaction with the cytoplasmic domain of 
CD40 [40]. This molecule, termed TRAF3, also binds to 
an Epstein-Barr virus-encoded protein and is probably in- 
volved in sipalingevenfffleadingtoEpstein-Barrvirus-in-. 

duced B ceU transformation [41]. TRAF3 self-^sociates 
but does not dimerize with TRAFl or TRAF2 [42]. There 
aUo appears to be selectivity and specificity in the inter- 
action of the TRAFs with the different members of the TNb 
receptor femily. TRAFl-3 do-not bind to Fas or TNFRl, 
TRAFl does not interact with CD40, and TRAF3 does not 
bind to TNFR2 via the TRAF domain in the yeast two 
hybrid system [42] but it co-immunoprecipitates with 
TNFR2 [411. Furthermore, with respect to downstream sig- 
naling events, there- are differences TRAF2 but not 
TRAFl or TRAF3 mediates nuclear factor-KB (IN1"-KB) 
activation by TNFR2 and CD40. NF-l^ activation is de- 
pendent on the presence of the RING finger motif [42]. 

CD40 activation on B cells inhibits programmed ceU^ 
death. A zinc finger protein, A20, is induced by die Ep- ; 
stein-Barr virus LMP-1 gene product and inhibits B-ceU 
apoptosis. CD40 activation induces A20 by inducible 
binding of NF-kB complexes to the A20 promoter [43J. 

The mtracellular domain of Fas contains a sequence, 
termed death domain, that is required for t^e induction of 
apoptosis. This sequence motif is also present in TN**"^' 
CD40, and NGFR. Three proteins that are unrelated to the 
TRAF family and bind to death domains have been identi- 
fied- TNFRl-associated death domain protein, TRADD, 
which mediates NF-kB activation and apoptosis byJNFRl 
[44] FADD and RIP bind to the death domain in Tas and, 
on overexpression, induce apoptosis. All three proteins ! 
contaiii death domains that are similar to those in the 
TNFRl and in Fas and mediate interactions with the re- 

''^Fas'^also contains a 15-aminb acid-C-tettninal motif that 
functions as a negative regulatory domain that can sup- 
press Fas-generated signals leading to apoptosis. A protein 
tyrosine phosphatase, termed FAP-1, interacts with this 
motif and the high levels of its expression correlates with 
the resistance to Fas-mediated cytotoxicity [45]. 



SIGNAL TRANSDUCTION THROUGH 
MEMBRANE-ASSOCIATED LIGANDS 

Signal transduction occurs not only through the receptors ^ 
but recent evidence suggests that cross-linking ol^the 
membrane-associated CD40L, 0X-4flL, and ILA/4-1BB h- 
gand can trigger intraceUular signals and regulate .cell 
functions. The quaUty of a signal varies with target ceU orl 
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TABLE 2. Consequences of Genetic Defects in Receptors or Ligands 



Ccne_ 



Phenotype 



Reference 



Spntaneous mutation 
CD40L (human) 
Fas (mouse) 
Fast (mouse) 
Knock out 
TNFRl 
TNFR2 
CD40 
CD40L 
LTa 



Hyper IgM syndrome (eleated IgM) virtual absense of other isotypes - 
Lyraphadenopathy; autoimmune manifestations 
Similar phenotype as in Fas mutation 

Resistance to LPS-induced lethality; defect in clearing Listeria monocytogenes infection 
Resistance to TNF-induced death and tissue necrosis 

Defect in T cell dependent antibody production and isolype switching; absence of IgE 

Similar phenotype as CD40 knock out 

Abnormal development of peripheral lymphoid oi^ns 



[91] 
[60] 
[47] 

[55, 56] 
[57] 
[81] 
[82] 
[59] 



eptors ' 
pf the ; 
BB li- 
ft, cell 
cell or 



activation state. The ligand and receptor can induce quali- 
tatively opposing effects on the same cellular response. 

CD40L is expressed on activated but not on resting T 
lympbocytes. Much higher levels of eD40L are expressed 
on CD4'*' compared with CDS'*" cells. CD40 expressed on 
transfected cells enhanced anti-CD3-induced proliferation 
of CD4''" cells but had only marginal effects on CDS"^ cells 
[46]. 

OX-40L is expressed on activated T and B cells; Gross- 
linking of 0)t-40L enhanced proliferation of B cells, immuno- 
globulin heavy chain mRNA levels, and immunoglobulin 
secretion. Cross-linking of 0X-40 ligaitd also altered the 
levels of the transcription factor BSAP, thus providing di- 
rect -evidence-for- signsd- transduction- through- this Jigand 
[47]. 

Antibodies to ILA/4-1BB co-stimulate lymphocyte pro- 
liferation. However, fusion proteins containing the ex- 
tracellular part of II4A/4-IBB inhibit T cell proliferation 
and induce cell death [48], These effects are observed only 
when the fusion proteins are fixed but not in solution, 
suggesting that cross-linking of the ligand is required for 
the induction of the cellular response. This example also 
illustrates that the same receptor-ligand pair can induce 
cell functions in both receptor as well as ligand-expressing 
cells and that the cellular responses are qualitatively dis- 
tinct, representing increased proliferation and the induc- 
tion of cell death, respectively. This pattern of signaling 
allows a novel form of communication during cell-cell in- 
teractions. The significance of this mechanism for example 
in the interaction of antigen-presenting cells and lympho- 
cytes has not yet been fully explored. 



BIOLOGICAL FUNCTIONS 

Biological functions of receptors and ligands in this family 
have extensively been reviewed elsewhere [49—53]. Here 
we will briefly summarize the major roles of the receptors 
by focusing on genetic evidence in characterizing function. 
Initial functional characterization for the receptors was 

- performed with ligands, soluble receptors, and antibodies. 

' More recently, fusion proteins that contain the extracellu- 

f lar part of a receptor and the constant domain of immuno- . 

..globulin G have been used in different in vitro and in vivo 



models. Several spontaneous mutations in the receptor 
genes and deletions by homologous recombination have 
been described (Table 2). 

TNFandLT 

TNF can induce a broad spectrum of biological effects 
such as cell death, gene induction, antiviral activity, and 
cytokine production. The TNF ligand family now includes 
TNF, LTa, and LTp. In addition to cell-membrane-bound 
ligands within this family, soluble forms are known to oc- 
cur naturally for TNF, which is synthesized as a 26-kDa 
precursor protein. This is processed to a secreted 17-kDa 
naatiire foriii by a unique Zii^"*" endopeptidase, also termed 
TNF convertase [54]. The cell surface form of LTa is 
assembled during biosynthesis as a heteromeric complex 
with LTP, a type II transmembrane protein [18]. Secreted 
LTa' is a homotrimer that binds to distinct TNF receptors 
of 60 and 80 kDa. However, these reeeptorsndp not recog- 
nize the major cell surface LTa-LTp complex. A receptor 
specific for human LT-P was identified, which suggests 
that cell surface LT may have functions that are distinct 
from those of secreted LTa [8]. Gene targeting of TNFRl 
confirmed its role in the lethdity in response ta low Joses 
of lipopolysaccharide after sensitization with D-galac- 
tosaniine but the toxicity of high doses of lipopolysaccha- 
ride was unaffected. TNFRl mutant mice were severely 
impaired in their ability to clear infection with the faculta- 
tive intracellular bacterium -Ltsreriamo/ioeyio^eries [55, 
56]. TNFR2-deficient mice show normal T cell develop- 
ment and activity but have increased resistance to TNF-in- 
duced death and a decrease in TNF-induced tissue 
necrosis [57]. Studies on fibroblasts from TNFRl -deficient 
mice suggested that this receptor controls adhesion to leu- 
kocyte ceU lines as well as ICAlVI-1, VCAM-l, CD44, and 
MHC class I up-regulation, secretion of other cytokines, 
cell proliferation, and NF-kB activation,. Stimulation 
through TNFR2, in TNFRl-deficient fibroblasts, did not 
have any effect in these functions [58]. . : , 

Mice deficient in LTa by gene, targeting have no mor- 
phologically detectable lymph nodes or Peyer's patches, 
although development of the thymus appears normal. 
Within the white pulp of the spleen there is failure of 
normal segregation of B and T cells. Spleen and peripheral 
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blood contain CD4+/CD8- and CD47CD8+ T cells in a 
normal ratio, and both T cells subsets have an apparently 
normal lytic function. Lymphocytes positive for immuno- 
globulin M are present in increased numbers in both the 
spleen and peripheral blood. Thus, LTa appears essential 
in the normal development of peripheral lymphoid organs 
[59]. 

Fas/APO-1 

Fas, also termed APO-1, was discovered as a cell mem- 
brane receptor, which, upon, activation by specific anti- 
body, triggered cell death by apoptosis. The 
lymphoproliferation {Ipr) mutation in the MRL strain of 
mice is caused by the insertion of a transposable element 
in the Fas gene. The insertion causes a decrease in Fas 
mRNA expression and the Fas protein is not expressed on 
resting or activated lymphocytes from MRL Ipr/lpr mice. 
These findings suggest that Fas plays a role in both thymic 
selection and T cell survival in the periphery and that the 
accelerated autoimmunity in MRL Ipr/lpr mice results from 
a defect in both of these pathways [60]. 

Recombinant Fas ligand induced apoptosis in Fas-ex- 
pressing target cells. Fas ligand is expressed in activated 
splenocytes and thymocytes, consistent with its involve- 
ment in T cell-mediated cytotoxicity and in several non- 
lymphoid tissues [21]. The MRL mouse strain with 
. generalized lymphadenopathy (gld) develops similar 
autoimmune manifestations as the Ipr strain. The gld mu- 
tation is a point mutation in the Fas ligand that abolishes 
binding to the receptor [61]. , 

A potential association of an impairment in the induction 
of apoptosis and human systemic lupus erythematosus 
(SLE) has been suggested. Peripheral blood mononuclear 
cells from SLE patients produced increased levels of a 
soluble form of Fas. This receptor competes for binding of 
Fas ligand and protects cells from apoptosis [29]. Possible 
consequences could be a persistence of autoreactive lyrn- 
phocytes or the release of undegraded DNA from necrotic 
cells, which could stimulate the formation of anti-DNA 
antibodies. 

CD27 

CD27 is a transmembrane homodimer with subunits of 
'50-55 kDa expressed only on lymphoid cells, including 
the majority of peripheral T cells, a subset of B cells, NK 
cells, and CD3 bri^t thymocytes. During lymphocyte ac- 
tivation the expression of CD27 increases and a soluble 
28- to 32-kDa form of CD27 (sCD27). One mRNA encodes 
both the transmembrane receptor and sCD27. The trans- 
membrane form gives rise to sCD27 most likely via a pro- 
teolytic event [62]. sCD27 has been detected in body 
fluids from healthy individuals [30, 52]. 

CD27 co-stimulates proliferation and enhances cytokine 
' synthesis of T cells that are activated by mitogens, anti- 
gens, or antibodies to CD2, CD3, or CD28 [63, 64]. This 
receptor is also involved in the PWM-driven T cell-de- 
pendent IgG synthesis [64]; " \ 



CD27 is expressed on most but not all peripheral bloodi 
CD4+ T cells. The small fraction of 004"^ T cells with a' 
CD27' phenotype exclusively resides witfiin the CIMSRA^^ 
CD45RO+ subset. CD27: cells are functionally differenti-; 
ated cells that have lost CD27 expression as a resuh of' 
persistent antigenic stimulation. CD27'*' and CD27" cell^ 
do not differ notably in the expression of CD70 (CD27. 
ligand) [65, 66]. CD27 is also expressed on a subpopula- 
tion of human B lymphocytes and positively correlated with 
membrane immunoglobulin (Ig) A but negatively corxe. 
lated with membrauie IgM/membrane IgD positivity. CD27 
on B cells can be induced selectively by the combination 
of Staphylococcus aureus plus interleukin-2. After in vitro 
stimulation, 0027"^ but not 0027* B ceUs secrete large 
amounts of both IgM and IgG. CD27 may thus be a maiker 
that discriminates naive from primed B lymphocytes [67], 
These functions of CD27 on lymphocytes were con 
firmed with CD27 ligand. Cloned CD27 ligand co-stimu- 
lated T cell proliferation and enhanced the generation of 
cytolytic T cells [68], cytokine production, induction of 
activation antigens, and proliferation of unpriraec 
CD45RA'*", and to a lesser extent, of primed CD45R0"*" 
peripheral blood T cells [69]. CD27L is identical to the 
previously identified activation antigen CD70. CD70 ex- 
pression in vivo is confined to activated B and T lympho- 
cytes [70]. On T cells, CD70 was expressed almost equally 
on both activated CD4 and CD8 cells. On subsets of CD4 
T cells, however, CD70 expression was induced preferen-*; 
tially on the CD45R0 T cell population after activation,^ 
whereas its expression was not seen on CD45RA T cells 
[71]v . ; : 

CD30 ' ' 

CD30 was originally described as a cell-surface antigen 
on primary and cultured Hodgkin's and Reed-Stembei^ 
cells [53]. CD30 is normally expressed by a subset 
(15-20%) of CD45R0+ T cells after activation by a va- 
riety of T ceU stimuli. CD30+ T cells are preferentially 
regulated by lL-12, and the effects of IL-12 on T ceU 
IFN-Y production are mediated largely through its effects^ 
on the CD30-*- subset. CD30+ T ceUs also secreted higher 
levels of 11^5 than activated CDSO" T cells. In contrast 
CD30- T cells produced significandy higher levels of IL-2 
than CD30+ T cells. CD30+/CD4+ T cells exhibit sig^ 
nificandy greater helper activity for B cell Ig production 
than CD30-/CD4+ T cells. Thus, CD30+ T cells, are the, 
major interferon-y- and interleukin-5-producing T ceUs 
and exhibit potent helper activity for Ig production [72 

73]. — ' ^ ^ 

Soluble CD30 is released by T cell clones and tumor^ 
cells. High serum levels of sCD30 were observed in atopy,j 
SLE, and after infection with measles virus or human im- 
munodeficiency virus [74]. 

Recombinant human CD30 ligand enhanced Ig secretiori 
of Epstein-Barrvirus-transformed B-cell lines and in- 
creased proliferation of some tumor cells, whereas in oth- 
ers it induced cytolytic cell death [75]. CD30 is expressed 
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constitutively on the human T cell line ACH-2, which is 
chit)nically infected with HIV-1. Cross-linking CD30 re- 
sults in HIV expression, which is associated with NF-kB 
activation and enhanced HIV transcription [76]. 

CD40 

CD40 is expressed on B lymphocytes, thymic epithelial 
cells, activated monocytes, dendritic cells, hematopoietic 
progenitor cells, epidielial cells, and carcinomas. Cross- 
linking of CD40 with immobilized anti-CD40 or cells ex- 
pressing CD40L induces high levels of B cell proliferation 
and addition of IL4 or IL-13 allows the generation of 
factor-dependent long-term normal human B cell lines and 
the secretion of IgE following isotype switching [77]. 

CD40 ligand (CD40L), a 39-kDa glycoprotein, is tran- 
siently expressed on activated T cells, mostly €04**" but 
also some CDS"*" as well as basophils and mast cells. Sol- 
uble CD40L is an 18-kDa protein that is generated by 
intracellular processing [78, 79]. Individuals with X- 
linked hyper-IgM syndrome fail to express functional 
CD40L and, as a consequence, are incapable of mounting 
protective antibody responses to opportunistic bacterial in- 
fections [80], 

In CD40 and RAG-2 knock-put mice where all mature 
lymphocytes were derived frojp the CD40-deficieint embry- 
onic stem cells, T and B cell number and phenotype were 
normal. However, CD40*^* chimeras completely fsuled to 
mount an antigen-specific antibody response or to develop 
germinal centers following immunization with a T cell-de- 
pendent antigen but responded normally to T cell-inde- 
pendent antigens. The €040*^' animals had an absence of 
IgE and a severe decrease of IgGl and IgG2a f81]; Similar , 
results were obtained with mice deficient in CD40L ex- 
pression [82], These results support the essential role of 
CD40- CD40L interactions for T cell-dependent antibody 
responses and in isotype switching and show that Ig class 
switching to isotypes other tban IgE can occur in viva in 
the absence of CD40L CD40 also mediates various func- 
tional effects on other cell types [83]. 

A role in the pathogenesis of collagen-induced arthritis 
has been suggested by studies where administration of 
gp39 antibodies reduced disease severity and decreased 
the titers of antibodies to type II collagen [67]. 

OX-40 

OX-40 expression appears to be restricted to activated T 
cells [84] where it acts as a cbstimulatory receptor. Clon- 
ing of the ACT35 lymphocyte activation antigen revealed 
that it corresponds to human OX-40 [85], 
Human OX-40 ligand, gp34, was previously known to be 
, expressed by T cell lymphotropic virus 1-infected cells. 
Recombinant OX-40 ligand expressed in COS" ceils 
costimulates phorbol niyristate acetate, phytohemagglu- 
tinin, and anti-CD3-induced CD4"*" T cell proliferation 

[23]. ; 

Expression of OX-40L was detected on activated T cells, 
with higher levels found on CD4+ than CD8'*' ceUs [86]. 



OX-40 ligand was also expressed on a subset of peritoneal 
B cells and LPS-activated splenic B cells [84]. Cell-bound 
recombinant ligands co-stimulate T cell proliferation and 
cytokine production, in particular IL-4 secretion [86]. 

4-1BB/ILA 

4-lBB was initially identified as a gene that is inducibly 
expressed by murine T lymphocytes [15, 87]. Cross-link- 
ing of 4-lBB enhanced anti-CD3-induced T cell prolifera- 
tion [88] as well as the proliferation of anti-u-primed 
splenic B-eells-[89]. ILA, the human homologue of 4-lBB, 
was also discovered as a gene that is expressed in activated 
T cells [16]. In addition to T cells, ILA is also expressed 
on B lymphocytes, monocytes, epithelial cells, and chon- 
drocytes [90]. Expression in all of these cell types is acti- 
vation-dependent. Antibodies to ILA co-stimulated 
anti-CD3-induced proliferation of human T l3rmphocytes. 
However, when anti-CD3-stimulated T cells were cultured 
in the presence ILA-IgG fusion protein in solid-phase, it 
inhibited proliferation and induced apoptosis [48]. This 
was not observed with soluble fusion protein,^ suggesting 
the possibility that 4-lBB ligand is capable of providing an 
anti-proliferative or death-inducing signal to the cells. 
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Tumor necrosis factor (TNF) is a powerful cytokine which is involved 
in the immune and pro-inflammatory response. The TNF receptors 
(TNF'RI and TNF'R2) are the sole mediators of TNF signaling. The 
receptors consist of a disulfide rich domain which recognizes TNF, a 
transmembrane helix, and a cytoplasmic domain. Signaling occurs 
when a TNF trimer binds two or three receptors in an extracellular 
complex which permits aggregation and activation of the cytoplasmic 
domains. The complex is then endocytosed where it dissociates at low 
pK We have now determined the structure of the soluble extracellular 
domain of TNF-Rl in two crystal forms at pH 3.7 in addition to our 
earlier report of one form at pH 7.5. One low pH form diffracts to 1.85 
A and the entire polypeptide sequence has now been traced for this 
protein. The C-terminal20 residues of the protein which were disordered 
in all previous structures show a different topology and disulfide connec- 
tivity to that seen in the remainder of the structure. In all crystal forms, 
the uncomplexed soluble extracellular domain of the type I TNF-R 
(sTNF-Rl) exists as a dimer. At low pH the dimer buries a large amount 
of solvent accessible surface (2,900 A^), over 800 A^ greater than the area 
buried by TNF complexation. This dimer at low pH is different than 
both dimers observed in our previous pH Z5 structure of unliganded 
sTNF-RL We surest that the low pH dimer forms during endocytosis 
and as the dimer completely buries the TNF interaction surface, the 
dimer would break up the receptor TNF complex. We have identified 
two distinct structural modules in sTNF-Rl, a type A and a type B 
module. We suggest that these modules are the unit of structural conser- 
vation rather than the 6 cysteine subdomain, Althoi^h the orientation 
of these modules with respect to each other is sensitive to crystal packing, 
complexation, and pH, the modules themselves are structurally well 
conserved between and within the known sTNF-Rl structures. This mod- 
ular approach will allow us to build accurate models for all members 
of the TNF-R superfamily © 1996 Wiley-Liss, Inc. 



INTRODUCTION 

The effects of TNF are sig- 
naled through two receptors, 
type I (55 kDa) and type II (75 
kDa). Despite the name, the 



anti-cancer activity of TNF has 
been of little therapeutic bene- 
fit, due to the high systemic tox- 
icity of the factor. However, iso- 
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lated limb perfusion of high doses of TNF has been 
reported to provide medical benefit. The realiza- 
tion that excessive TNF signaling may be responsi- 
ble for the deleterious effects of diseases such as 
arthritis, inflammatory bowel diseases, bacterial 
meningitis, and septic shock has shifted interest 
to controlling TNF signaling. 

The receptor is composed of an N-terminal 
cysteine rich extracellular domain, connected via 
a transmembrane helix to a C-terminal intracellu- 
lar domain [11. Residues 12-171 of the intact type 
I receptor (sTNF-Rl), effectively the entire extra- 
cellular domain, is foimd free in serum and urine, 
generated by a shedding event at the membrane 
12). sTNF-Rl regulates signaling by sequestering 
free TNF. TNF bmds to the extracellular domains 
of two or three receptor molecules promoting the 
aggregation and activation of the intracellular do- 
mains. The activated intracellular domains bind 
other proteins triggering the signal cascade. The 
complex is then endocytosed with concomitant 
. fail in pH, and dissociates. This model agrees with 
the 2.85 A crystal structure of LTa complexed to 
sTNF-Rl (3). LTa is found as a trimer and the 
trimer has a P-barrel shape. Three sTNF-Rl mole- 
cules are bound parallel to the trimer axis along 
the outside surface of the barrel One sTNF-Rl 
molecule is bound at each of the three LTa/LTa 
interfaces. The receptor is an elongated molecule 
composed of repeating disulfide subdomains 
wiiich result in a ladder-like structure of disulfide 
bonds. The interactions with LTa are confined to 
two separate regions of the receptor: a lower re- 
gion and an upper region. No interactions were 
found between the receptors. 

Intracellular domains expressed free from the 
extracellular and transmembrane domains and in 
the absence of TNF will aggregate and signal [4] 
along the same pathway as conventional TNF-in- 
duced signaling. Intact receptors are tighdy regu- 
lated and are silent in the absence of TNF. One 
interpretation of these results is that in some way 
the extracellular domains prevent "false" signal- 
ing in the absence of TNF. We have previously 
reported the structure of unliganded sTNF-Rl at 



pH 7.5 [5]; this showed two distinct dimers. We 
suggested that either or both of these dimers may 
form on the cell surface in the absence of TNF 
preventing signaling. We also pointed out that one 
dimer may have been able to bind TNF promoting 
large cell surface aggregates which may play a role 
in complex internalization or may concentrate the 
signal within the cell. However, we also noted that 
such aggregates were not seen in the crystalline 
TNFccsTNF-Rl complex [3]. 

The TNF receptors belong to the low affinity 
nerve growth factor receptor (NGF-R) superfamily 
which includes FAS, CD40, OX40, CD27 receptor, 
and several viral proteins. The defining character- 
istic of this family is an extracellular domain com- 
prised of cysteine repeats. These proteins are 
structurally distinct from the cysteine knot class 
of proteins such as human chorionic gonadotro- 
pin [6]. Aside from the presence of a cysteine rich 
sequence there is littie homology across the super- 
family at the extracellular level; at the intracellular 
level there is no homology at all across the family. 
The lack of homology at the intraceUular level is 
unsurprising given the diverse range of activities 
signaled by the receptors. The specificity of recog- 
nition of the appropriate cytokine is thus crucially : 
important for cell viability. Inspection of the se- j 
quences of the extracellular domains of these re- \ 
ceptors suggests a repeating pattern of cysteines : 
and disulfides. The repeating unit suggested was 
a 6 cysteine, 3 disulfide subdomain shown in Fig- 
ure 1. The first structural view of this subdomain 
came from the structure of the LTa sTNF-Rl com- 
plex. This was followed by a structure of the unli- 
ganded receptor [5). These structures showed the 
that sTNF-Rl contained two classical subdomains 
and a third distorted subdomain. The fourth sub- 
domain of the structure was partially disordered : 
and the four C-terminal cysteine residues were not 
visualized. This was important as it seemed from ; 
the sequence that the four cysteines could not : 
adopt the classical subdomain pattern. Many of J 
the other members of the superfamily similarly ] 
fail to fit the 3 cysteine, 6 disulfide subdomain. ^ 
We have now determined a complete high res- I 



HGURE 1 . 



A ribbon representation of the structure of sTNF-Rt with disulfide bonds shown. 



HGURE 2. 



The low pH dimer Is formed by an anti-parallel combination of two monomers. Interactions occur along the length of protein involving 
all four subdomains. 
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olution Structure of sTNF-Rl. This structure shows 
that indeed the disulfide bond pattern in the 
fourtli subdomain does not fit the classical subdo- 
main arrangement. We have identified two new 
repeating units of structure which we believe are 
conserved rather than the 3 cysteine, 6 disulfide 
subdomain. 

RESULTS AND DISCUSSION 

Structure of the Monomer 

The monomer in the P2i2i2, crystal form is 
shown in Figure 1. The receptor is highly elon- 
gated. The fold of the three N-terminal subdo- 
mains (15-52, 55-96, 98-137) and the N-tenninal 
half of the fourth subdomain (139-150) remain 
essentially unchanged firom earlier descriptions 
[3,51. Briefly, each subdomain has two S-shaped 
modules. The A (N-terminal) module is composed 
of 12-17 residues vviiich form 3 short strands with 
a single disulfide bond. The B (C-terminal) module 
is composed of 21-24 residues which again form 
3 short strands linked with 2 disulfides. The C- 
terminus of the fourth subdomain (153-171), 
which was disordered in earlier studies, is clearly 
different firom the C-termini of the other three 
subdomains. The disulfide , pattern is Cysl53- 
Cysl66 and Cysl56-Cysl62 and the lobe contains 
15 amino acids. The sequence "encapsulation" of 
the second disulfide by the first disulfide leads to 
an extremely distorted structure! 

Low pH Dimer 

In both cryistal structures, sTNF-Rl is found 
as a dimer (the low pH dimer; Fig. 2). The low pH 
dimer is different than the dimers found at pH 
7.5. The low pH dimer is formed by an anti-parallel 
(head to tail) arrangement of the monomers. The 
two nionomers completely overlap, such that the 
length of the dinier is 90 A, almost identical to 
that for a single monomer. The dimer interaction 
buries a surface area of 2,880 A^. In the P6i22 crys- 
tal fonn which di&acts to 1.87 A the same dimer 




is found but in a different crystal packing environ- 
ment. However, the C-terminal 38 residues are ' 
disordered in this structure and it is not possible 
to ftiUy quantify the dimer interactions for this 
crystal form. The low pH dimer is held together 
by extensive interactions burying 1,480 A^ hy- 
drophobic surface area and 1,402 hydrophilic 
surface area. The interactions are found along the > 
entire length of the protein. The low pH dimer ! 
buries almost 50% more surface area than the LTa j 
sTNF-Rl complex. Residues 14-17, 21, 60, 69-72, : 
77-79. 104-107, 110-114, 144, 146-147, 151-155, I 
and 160-161 are involved in or are buried by for- \ 
mation of the low pH dimer; this includes virtually ? 
all of the residues involved in LTa recognition I 
13,7]. This dimer would obviously be incapable of 
binding TNF as its interaction surface is masked. 
We suggest that during endocytosis of the TNF 
^> TNF-Rl complex, the receptors form the low pH 
dimer disrupting the complex. As yet no direct 
evidence exists to support a dimeric receptor spe- 
cies in solution. A large entropy penalty was sug- 
gested to explain the lower than e3q)ected dimer- ] 
ization affinity for human chorionic gonadotropin i 
in solution [8] despite the removal of nearly 4,000 : 
A^ from solvent by dimerization. Attached to a ^ 
membrane as an intact receptor, the entropy pen- i 
alty for dimerization would be significandy low- , 
ered for TNF-Rl. -*> . . 



We have previously reported in detail the in- 
teractions which form the two dimers observed at 
pH 7.5 [4,7,9]. Briefly, the parallel dimers are 
formed by a head to tail arrangement of the sTNF- 
Rl monomers shown in Figure 3A. Residues 17- ; 
. 19, 31-37, 47-49, 54, 64, 90, 91, 126, 127, 130, 133, \ 
136- 138, and 145 are involved in dirrier formation. 
This recognition surface for the parallel dimer is . 
primarily confined to the first subdomain, with : 
some involvement of the third subdomain and . 
very small contributions fi*om the second and \ 
fourth subdomains. The dimer buries 2,143 A^ of f 
surface area (1,071 Af per monomer); 1,064 A^ is j 



pH 7.5 Dimers 



HGURE Z,^— ^' \ ' ^ \ > ; 

A: The parallel dimer found at pH 73, this dimer is capable of binding TNF. B: The anti-parallel dimer found at pH IS. this dimer is/| 
unable to bind TNF. ■ . — ^ ; v .J^ ' ;h - 

Superposition of the P2^2, structure aind that cpmplexed to LToc The large change in the position of the N-terminus is visible.. .r . :,^|^ 
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polar and 1,079 is apolar. A simple modeling 
experiment shows that it is possible to dock a TNF 
trimer at each monomer in the parallel dimer 
without introducing steric conflict. It seems possi- 
ble, therefore, that the parallel dimer could survive 
in the presence of TNF. In this duner, the cyto- 
plasmic domains would be close together, below 
the membrane surface. 

The anti-parallel dimer is formed by a head 
to tail arrangement of monomers and is shown in 
Figure 3B. Residues 24, 40, 41, 53, 59, 60, 69-79, 
and 93 are all involved in anti-parallel dimer for- 
mation. The contacts are principally confined to 
subdomain 2, although subdom<un 1 is weakly in- 
volved. In all, the interaction buries 1,475 of 
surface area {737 per monomer), which can be 
divided into 878 A^ polar and 597 A^ apolar buried 
surface area. Unlike the parallel dimer, the anti- 
parallel dimer carmot bind TNF and would be dis- 
rupted by exposure to TNF. In the anti-parallel 
dimer the long axis lies in the plane of the mem- 
brane, separating the cytoplasmic domains by 
over 100 A. ' 

Structural Conservation Within sTNF-RI 

The existing paradigm is that the repeating 
imit is a 6 cysteine containing subdomain, with 
sequence Cysl Xio:i5 Cys2 Cys3 Xa Cys4 Xe n Cys5 
X7.8 Cys6. The disulfide pattern is Cysl-Cys2, 
Cys3-Cys5, Cys4-Cys6. This unit is exemplified 
by subdomains two and three of sTNF-Rl, which 
superimpose reasonably well. However, subdo- 
main one, although having the same disulfide 
bonding pattern as subdomains two and three, 
does not superimpose. The reason for this is that 
there are no intervening residues between Cys2 
and Cys3 in subdomain one, whereas there are 
two residues in subdomains two and three. This 
results in different orientation of the A module 
with respect to the B module in subdomain one. 
In subdomain four althou^ there are 6 cysteine 
residues, the disulfide spacing is inconsistent with 
the subdomain type structure. Our structure 
shows the fourth subdomain has both a different 
disulfide connectivity and structure. Taking sTNF- . ' 
RI as a whole the repeating imit is only found in 
half the structure, although large parts of structure . 
are similar. We believe that the 6 cysteine subdo- 
main is hot the imit of structural cotiservation but V 
merely a firfequently bccurririg piece of structure. 7 \ 
We suggest that thefe'are two distinct (but proba- 
bly relatedrrepeating units, an A tjpe module and ' 
a B type/modtde.^ c)^teirie sjibdjomain^ i^^^ 



simply a linear AB combination. The modules are 
linked by zero to two intervening amino acids. 
These points of linkage serve as hinges to accom- 
modate conformation changes in gross structure. 
In subdomain one where there is little hinging 
movement it is notable that there are no interven- 
ing residues. 

There arie four Al (number denotes number 
of disulfide bonds) type modules in sTNF-Rl, at 
residues 15-29, 55-70, 98-114, and 139-150. 
Each module has strand turn strand turn strand 
topology, with sequence Cysl X2 Gly x tyr x^ x**4.9 
Cys2. The loop x^'a.s is structurally variable, how- 
ever, the remainder of the module is structurally 
well conserved. : * 

There are three B2 modules with sequence 
Cys3 X2 Cys4 Xj-eX^s Cys5 x**4-5 D T x Cys6 at residues 
30-52, 73-96, and 117-137. The first strand of 
four amino acids nms from the (]ys3 to Cys4; a 
non-structurally conserved turn of between three 
and five amino acids follows. The loop x*'4 D T x 
superimposes well for the subdomains two and 
three both contain four amino acids. In subdo- 
main one there are five amino acids in this region, 
including two prolines. This region does not su- 
perimpose well on the other two, however, the 
remaining residues do. Inspection of superfamily 
sequences suggests that the first type B module 
(residues 30-52) in sTNF-Rl appears to be un-* 
usual and that the x^^ loop is by fair the most fi:e- 
quently occurring loop [10]. ■ . : . 

Differences Among the Various Structures of 
sTNF-Rl 

We now have six monomers of sTNF-Rl, two 
in P2,2i2, (pH 3.7), one in P6,22 (pH 3.7), two 
in P4,2i2 (pH 7.5), and one in the LTa sTNF-Rl 
complex. Overall we observe large differences in 
the structiues of the protein dependent on the pH, 
whether it is coniplexed to TNF, and the precise 
packing envirormient. These differences are 
equivalent to movement in the N-terminus of 
nearly 20 A (Fig. 4). The cause of these differences 
is hinging motion at the module cormectidns. The 
structures'of the underlying modules are remark- 
ably well conserved among the various crystial 
structures. We view this as confirmatory evidence 
for the modules as the structural tmit of conserva- 
tion. .-^ 

TNF-R Superfamily / " ^ ^ 

. We face tWo particular problems in extending 
pur analysis to other: members of the faimily: the < 
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t first is an "excess" of cysteines in a given sequence REFERENCES 
i and the second is a paucity of cysteines. Excess 
I cysteine regions are found in several members of 
^ the TNF-R superfamily. We believe the regions 
with an excess of cysteines are A2 modules; i.e., 
they have the same structure as type Al modules, 
but have an additional, sequence encapsulated, 
' disulfide bond. Banner et al. [3] suggested such 
an internal disulfide for sTNF-R2; we concur and 
suggest that this is not an exception but a common 
structural feature. The number of amino acids in 
these exceiss cysteine regions and the conservation 
of the aromatic residue are consistent with an A 
type module structure. We believe this is the only 
model consistent with structural conservation for 
"excess" cysteine regions. 

Cysteine poor regions are also found in many 
members of the TNF-R superfamily, often concur- 
rently with excess cysteine regions. We believe 
these cysteine poor regions are Bl modules, i.e., 
diey have the same structure as a B2 modules, but 
miss the Cys3-Cys5 disulfide bond. Our evidence 5 
for this is that the lengtfi of the module and the 
conservation pattern, the C X4 D T x C found at 
the C-terminus of the module, is consistent with 
the type B module. Cys 5 is commonly mutated g 
to Gly or Ala and Cys 3 to a His or Trp (although 
several combinations are observed). Again this ap- 
pears to be the only model consistent with struc- 
tural conservation. j 

We favor our modular approach for various 
reasons. First the structures of the type A and B 
modules are structurally well conserved within 8 
sTNF-Rl, in response to pH and complexation, 
even when the connections between them are not. 
Finally, this method does appear to produce a 
consistent structure-based alignment of disparate 9. 
TNF-R superfamily members (Naismith and 
Sprang, manuscript in preparation). 
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Modularity in the TNF-receptor family 

James H. Naismith and Stephen R. Sprang 

Tumour neerosis factor (TNF) receptor family members regulate processes 
that range from cell proliferation to ixQgrammed cell death. The extracellular, 
ligancHjinding domains of these proteins consist of small, cysteinenich sut)- 
domains. first observed in the three<limensional structures of the type I 
TNF receptor. A structure*ased alignment of TNFR family members indi- 
cates that the extracellular domains are constructed primarily of two small 
polypeptide nK)dules. These modules play distinctive structural roles in the 
architecture of the domains. Analogues of at least one of these modules 
can be found in the domains of other receptors and extracellular proteins. 
VSariations in their sequence and order of assembly are expected to account 
for differences in shape, flexibility and ligand specificity. 



MEMBERS OF THE tumour necrosis fac- 
tor receptor (TNFR) family initiate signals 
that can lead to progranmied cdl death or 
promote cell survival and proilferation'f 
The family includes the low^affmity nerve 
growth factor receptor, type 1 (p55) and 
type n TNF (p75) receptors (TNFR-1 
TNFR-2, respectwely), FAS (CD94 CD40, 
CD27 and their relatiyes^^ together with 
the newly discovered mediators of apop- 
tosls DRWd- VApo3/n?AMP^ and DR4 
O^ef, 9). TherapeuUc Interest has centred 
on controlling the signallii^ of cyto- 
kines; particularly TNF, Which has been 
Implicated In a growing list of autoim- 
mune diseases***. Certain virally produced 
TNFR homologues can suppress the host 
Immune ites^^nse by sequestering TNF", 
Entry of Herpes Simplex virus into 
cells is mediated by a member of the 
TNFRifamlly" 

Aithoi^h diverse in primary structure, 
the extracellulv domains of all ITIFR 
family members consist of cysteine-rich 
subdomains^ that are thought to adopt 
generally similar tertiary folds. Neverthe- 
less, it Is the unique structural features 
of Individuai family members that allow 
them to realize their ligands with speci- 
ficity and, in most cases, exclusivity. 

The mechanisms by which these mol- 
ecules achieve specificity cannot be un- 
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derstood without knowledge of their 
three-dimensional structures, in the ab- 
sence of crystallographic or NMR struc- 
tural data, molecular modelling can pro- 
vide clues to function. To be useful, 
models must reflect the correct aUgnment 
between consensus sequences and reli- 
able tertiary structural templates. Here, 
we show that the eictracellular domains 
of 1T4FR family members can be parsed 
into repeats of two basic types of modu- 
lar unit, each of which Is distinguished 
by a characteristic consensus sequence 
and tertiary fold. 

Cystelne-rich repeats 

The primary structures of the extra- 
cellular domains of TNFR-1 and TNFR-2 
(Refs 13-15) appear to comprise repeats 
of a 6<:ysteine. 3<lisulphide subdomaln. 
The first view of these subdomains was 
provided by X-ray crystallographic stud- 
ies of sTNFR-1 (soluble extracellular do- 
main of TNFR-1) determined both in 
complex with lymphoto^dn a'* (LT) and 
In the unliganded state"-". Three of the 
four subdomains of sTNFR-l (residues 
lS-52, 55-96 and 98-137) are topologi- 
cally equivalent, exhibiting the disulphide 
connectivity illustrated In Fig. 1. In three 
crystal structures, Including that of the 
complex vrith U, the C-terminal 20 resi- 
dues, including four cysteines, cannot be 
visualized. In crystals of sTNFR-1 grown 
at low pH and I^h salt, the fourth sub- 
domain Is well ordered. Its C4erminal 
h^ adopts a disulphide connectivity 
and topology different from that of the 
other three subdomains'^ (Rg. I). Tfiis 
observation supports the suggestion by 
Bazan' that the basic building block of 
receptor structure Is hot the 6<ystdne, 
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3Klisulphide unit, but rather a pair of 
smaller modules. These two modules 
can be combined in several ways to pro- 
duce the diverse group of molecules 
listed in Table I. 

Ttte modules 

We suggest the extracellular domain 
of TNFR-1 contains three topologically 
distinct types of modules, which we term 
Al, B2 and C2 (Rg. I). The letter denotes 
the type of module and the numeral the 
nurpber of disulphide bridges within 
the module. The ^classical' 6<ysteine, 
3-disulphide subdomains of TNFR-1, for 
example residues 98-137, are in faction 
Al 82 pair, whereas the fourth sutxlo- 
maln (residues 139-166) is an Al -* C2 
pair (see Rg. la). 

The four Al modules In sTNFR-1 con- 
tain a structurally conserved core, as do 
the three B2 modules (Rg. lb). Indeed, 
the structural conservation among the Al 
and B2 modules is striking'*, despite the 
differences in sequence and length among 
these modules within sTNFR-L In the 
four distinct crystal packing environ- 
ments in which the structure of sTNFR-1 
has been determined, the structure of 
these modules Is Insensitive to protein 
contacts. We suggest that In the TNFR 
superfamlly* there are occurrences of 
A-modules with two disulphide linkages 
(A2 modules) and B-niodules; wl only 
one disulphide (Bl moduli). We predict 
that the structures of A2 modules are 
similar to Al modules,' and likewise, Bl 
modules are structurally similar to B2 
modules. The C2 module appears unique 
to TNFR-1. Altiiough ihost TNFR homo- 
logues comprise a series of AB repeats, 
this is not always the case For example. 
Fas begins with a B2 module, and both 
41BB and OX40 contain tandem repeats 
of A-modules (Table I). 

A-modtiles 

Al modules are composed of 12-17 resi- 
dues and contain one disulphide (Table V), 
They are defmed by the consensus se- 
quence Cysl-X2-Gly-x-Tyr(or Phe>x-X4^- 
Cys2. In the foregoing notation; x^, Is the 
number of intervening amino acids. The 
Al module is C-shaped and consists of 
three short p-strands linked by turns 
(Rg. 2a). The disulphide bond (Cysl- 
Cys2) connects strand 1 to strand 3. The 
loop connecting the second and third 
strands is highly variable, and can con- 
tain between four aiid nine residues. The 
remainder of the Al module Is smicturally 
TOnseiVed^ despite the absence of se-- 
quehce coniervation. We suggest that it 
is the length, rather than the composition 
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of the variable loop that determines its 
structure. The distribution of loop lengths 
in TNFR-1 is typical of the family. There- 
fore, the structures of many of the Al 
modules listed in Table I could be mod- 
elled upon those in the crystal structure 
ofsTNFR-1. 

Many TNFR-l homologues. for exam- 
ple TNFR-2, contain modules with the 
Al consensus sequence, but with an 
additional pair of cysteine residues 
(Table IT). Banner ei al, suggested that 
these are joined to form a second inter- 
nal disuiphide bond within the domain'^ 
A2 modules have sequence Cysl-Xg- 
Gly-x-Tyr(Phe)-Cys3-x^g-Cys4-X2-Cys2. 
Our model predicts an additional disui- 
phide between strands 2 and 3 (Cys3- 
Cys4; Fig. 2a) with the remainder of the 
structure unchanged. The. number of 
amino acids and the conservation of the 
aromatic and glycine residues are con- 
sistent with the A-module structure. 

As with the Al modules, the second 
loop (connecting Cys3-Cys4) is variable 
In length (Table 11). Using an Al module of 
sTOFR-1 (residues 15-29) as a template 
and substituUng Thr21 and Ile26 with 
cysteine residues, we can model an A2 
module (Rg. 2b), Formation of the ad- 
ditional disuiphide bond requires only 
modest (<l.O A) rearrangements of the 
backbone Interestingly, A2 modules, but 
not Al modules, show a strong preference 
for a buH^ hydrophobic residue (Tyr, Trp, 
Phe, Met) preceding the conserved aro- 
matic residue (Table U). A phenylalanine 
present at this position (Phel43) in the 
fourth ALmotif in sti^IfTl-l stacks against 
the! module's disidpiude bond, presum- 
ably stabilizing it This may be related to 
the fact an A2 module is typically not fol- 
lowed by the more common and poss- 
ibly more stable B2 module (Table 0- 

B-modtdes 

B2 modules consist of 21-24 residues 
and comprise three antiparallel strands 
that adopt an Sshaped fold reminiscent of 
three^iuarters of a paper dip (Rg. 2b), 
B2 modules contain, the consensus se- 
quence (;ysl-X2-Cys2-X3:^ysmr-X2^- 
Asn-Thr-Val-Cys4, with disuiphide cross- 
Unks Cysi-Cys3 and Cys2-<;ys4 (Table III). 
The stabilizing role of the Asn-Thr-Val 
motif has already been discussed^^ and is 
evident in fig. 2b, The conserved threo- 
niiie followii^ Cys3 hydrogen boncls to a 
baddwne'anddeiroup of the strand, 
stabilizing the modtde. One example of 
lids is fQurid.ln sTkltl (thr89) but has. 
b^bnStted^fr^^ 

pthe Ipppjron^ strand 1 to strand 
2 Wriesiii^ amino^adds) .in 
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Figure 1 : 

Architecture of the soluble extracellular domain of tumour necrosis factor receptor 1 
(sTNFR-1), (a) Schematic representation of the 6<ysteine subdomain. which had been pro- 
posed to be the basic repeating structural unit of the extracellular domain of the TNFR fam- 
ily (top) and the fourth subdomain of sTNFR-1, which has a different structure (bottom). The 
position of the proposed disuiphide bond between strand 2 and 3 in A2 modules is shown 
with a dashed line, (b) The complete structure of the extracellular domain of TNFR-1 (Ref . 18). 
A-modules are shown in magenta and B^nodules in Irfue. Disuiphide bridges (yellow) and 
the sidechains that pack between them are shown. : 



sTNFR-1. Many of B2 modules that occur 
in other members of the family can be 
modelled, assuming that length and not 
sequence detertnines the structure, A 
glycine residue is favoured in this loop. 
The loop connecting strand 2 to strand 3 
is much less variable and is predomi- 
nantly three residues long, althoii^ other 
lengths are found (Table UQ-.The re- 
mainder of the structure is identical de- 
spite the lack of sequence conservjation. 

Bl modules lack the Cysl-<:ys3 disui- 
phide bond. However, because they are: 
similar in length and consensus sequence 
to B2 modules (Table lU). H is Ukely that 



they adopt the same three-dimensional 
structure. The residue corresponding to 
Cysl in a B2 module is commonly replaced 
by histidine or tryptophan, and Cys3 by 
glycine or alanine (although several 
combinations are observed) (Table flQ. 
figure 2b shows a histidine/glycine com- 
bination from CD40, Tlie histidine^^an; 
either form a weak hydrogen bond with 
or pack against strand 2. =^ -^^^l 

A- and frmodules In other protdiw 

The extraceflular, ligaiid*lnding^do;^ 
mains of : the low-density :iip6p>rotd^^^^ 
(U)L) famines of receptors containv: 
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Table 1. Modular composition of receptors 


Receptor (residues) 


Modules* 




Acc. No. (Ref.)" 



TNFR-i (1&-166) 
41B8 (2&-158) 
C027 (27-120) 
;C030 (29-500) 
CD40(2&-186) 
CrmB (30-168) 
^ConC (37-185) 
DR3(^152) 
0R4 (109-206) 
FAS' (59-165) 
HVEM (42-179) 
NGFR (32-188) 
OSTE (41-185) 
0X40(31-166) 
TNFR-2 (40-200) 
TNFRC (43-210) 
VC22M32-168) 
VT2Myx<(2a-174) 
VT2Sfw<(2&-174) 
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I B1 module 



P19438 
Q07011 
P26842 
x2 BBB P28908 
P25942 
(26) 
(27) 
(28) 
(29) 
P25445 
(30) 

P08138 

(31) 

P43489 

P20333 

P36941 

P21071 

P29825 " 

P25943 

I C2 module dD Outliers 



Hjoop Structures are shown as white boxes with the number of residues indicated (xn). *Where the SWISS-PROT accession number is not known, the reference 
is given. «83 intervening amino!; acids that are not cysteine rich. <»The disulphide connectivity in DR3 is ambiguous. *A2 in DR3 does not fit conventional A2 
pattern. The mouse sequence, has an N-terminal Al module before the 82 module. *These sequences contain cysteines C-teahinal to the last module, which 
may be responstljle for dimerization of the receptors. , , . 



Table It. Examples of Al and A2 modules'* 



Receptor 



Amino acid sequence (single letter code)** 
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TNFR-1 (139-150) 
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DR3^(9-23) 
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Typical Al sequence 
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A2 modules 
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4188(88-102) 
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CD30 (108-125) 
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CrmC (116-135) 


c 
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P 
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x9 
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C 


0R3^(9S-U4) 
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x4 
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TNRC (125-142) 


c 


Q 


P 


G 
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x6 
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Typical A2 sequence 






P 


G 




e» 


C 

f 


x4-7 
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" Strand 2 to strand 3 disulphide 



*SWISS4>R0T accession numbers and references are given in Table I. '•Aligninent is such that residues in 
same column are structurally conserved. Where xn appears, this is a loop structure, n denotes the 
numlwr of residues: Amino acids fri red are wea conserved (or coriservatively substituted). ?The disulphide 
Dond may be from Cysll to Cys23 in DR3. and it does not fit the standard A2 model: % represents Tyr 
or Phe, 'ir is the favoured bulky hydrophobic residue. '6 represents Tyr, Phe or His. . \ i • 



disulphide-rich complement-type and 
EGF-^^ repeats. The disulphide connec- 
tivity and tertiary structures of these re- 
peats clearly distinguish them from the 
subdomains of the TNFR family. Never- 
theless, superposition of the. solution 
structures of LDLrComplemeht repeats .1 
(rLBl) (Ref. 19) and rLB2 (Jlef. 20). with 
the crystal structure of TNFR-1 demon- 
strates that the N-terminus of rlB2 coi^ 
tains an A-module (Rg. 2c). \, \ , - " 

The loop in rLB2 is flexible, but most 
confonners adopt a structiire .thaVjbs 
similar to that in the corresponding loop 
in sTNFR-L rLBl has an Al module at Its^ 
N-terminiis, with a loop of different length 
(5 residues). The most persuasive argu- 
ment for the similarity between the jLB, 
N-termini, and Al modules is the pres;. 
ence and role of the conserved aromatic 
residue that, in both cases, stacte agsdnst 
a disulphide bond. 

Ward et al have suggested that the 
disulphide^ich si^xiomains In other octrah 
ceQular proteins iCmsuii receptors, epk 
dermal growth factor receptors) bear 
structural similarity to sTNFR repeats". 
Indeed residues 241-253 of the human 
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(a) A1 (TNFR-1) 



A2 (TNFR-2) 



(b) B2 (TNFR-1) 
N 



81 {CD40) 




Y20 




Y125 





:G95 



: (c) 




Residue 

rLB2 

rLBI 

TNFR-1 

Residue 



5 10 19 
CKSGDFSCGGRVNRC 
CERKEFQCGD. .GKC 
CPQGKYIHPQNNSIC 
15 20^___^29, 
X7 ' 



Rgure 2 

A- and B-modules. (a) Left, the Al module [(residues 
15-29 from tumour necrosis factor receptor 1 (TNI^-l)], 
which contains one disulphide bond. Right, an A2 
module, which contains two disulphide bonds, predicted 
to occur in TNFR-2 (residues 120-137). (b) Left, a B2 
module (residues 72-96 from TNFR-1). and rigit. a Bl 
module predicted to occur in CD40 (residues 78-103) 
in which His and Gly (green spot) replace, the disul- 
phide. The dotted line depicts the hydrogen bond or 
van der Waals interaction predicted to occur. The Phe 
residue from the preceding Al module is shown Jn 
magenta, (c) Superposition of part of the few-density 
lipoprotein ,{LDL) structure (red) (PDB^^ accession 
number! ILOR) and an Al module (blue) from the sol- 
uble extracellular domain of TNFR-1. The aromatic 
residues stack against disulphide bonds elsewhere in 
both structures. Amino acid sequence (single letter 
code) of I DL-comptement repeats 1 (rlBl) and 2 
(rLB2) corr oared with an A^odule of TNFR-1. 



insulin receptor appear to have an Al 
sequence. However, the predicted disul- 
phide connectivity for these receptors 
would appear in some cases to preclude! 
A- or B-^e module structures. 

B-modules are similar to the T-knot 
folds that have been observed in many 
small three-istranded, disulphide-nch dOf 
mains^-23. They differ, however, in that 
the disulphides sandwich the threpfiine 
residue in the Asn;Thr-Val motif (Fig. 2b) 
rather than directly stack against e?ich 
other^'*. The modules'are too small and 
share too little sequence Identity to 
state whether they hayie diverged from a 
common aiicestor. '^J . " ! J 

Outliere- "^.U * 

^ Not all of the cystdnwfch subHomains 
found within^ T^ff^-1 '^h^^ 
readily recx)ghizedl«;%^^ 
The C4erminuj5 of the Cpwpox CrmC-Iike 



proteins we have denoted as D2 modules, 
residues 233-243 in CD30 as an El mod- . 
ule and residues 155-171 of DR3 as an F2 
module (Table 0- We have no crystallo- 
graphic template for the structures of 
these modules. Residues 141-162 of HVEM 
are reminiscent of a Bl module (Gly-Thr- 
Xj-Asp-Thr-Leu-Cys at the C-terminus). 
but the predicted first cysteine (Cysl44) 
is actually a serine We denote this a 80 
module, but cannot predict the effect of 
the substitution on the module structure. 

Connecting A- and B^odules 

^ The structure of sTNFR-1 is similar 
to a spiral of overlapp'mg hinges (Pig. 3) 
in which the B-modules correspond to 
the plates and the A^nodules-to the 
bolts about which they pivot. Gly97 In 
STNFR4; whicb^ 

th^'middle of tlie stiiicturelhas already 
beeii identified as highly flexible. It per- 



mits the structure either side to make 
considerable rigid body movements 
(equivalent to 10 A at the N- and C- 
terminiO'*. The connecting regions, which 
separate the modules, contain none, 
one and two intervening amino acids. 
The modules in TNFR-1 are joined such 
that the successive disulphide bridges 
describe a smooth superhelix. We pre- 
dict that the conformations of the linker 
regions, regardless of their length, will 
preserve this structural feature. 

The interfaces between A- and B- 
modules are often tightly packed cores 
bounded by the disulphide bridges from 
the flanking modules (Rg. lb, 3) irre- 
spective of whether one considers an 
A B pair or a B -» A pair (for example 
i^residues 98-137 or residues 117-150, re- 
; "spectiyely in sTNFR-1 (Rg. lb)]. The pre- 
J, xise nature of the interface diff 
ing on the combination. In the A -* B 
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Table III. Examples of B2 and Bl modules' 



Receptors (residues) 



Amino acid sequence (single letter code)** 



Strand 1 to strand 3 disulphide 



B2 modules 
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CrmB (86-108) 
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FAS (59-82) 
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Typical 82 
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Strand 1 to strand 2 disulphide 



Bt modules 
4188(136-158) 
C030 (128-149) 
C040 (80-103) 
CrmB (130-150) 
CrmC (138-157) 
TNFR-2 (182-200) H 
Typical 81 H 
sequence 



Strar»:j 1 to strand 3 disulphide 



x5 S V 

x4 1 V 

x6 R V 

x3 Y G 

x2 G Y 

- x2 V 

x4 X X 



Strand 1 to strand 2 hydrogen bond 



'SWIS&PROT accession numbers and references are given in Table I. "Alignment is such that residues in 
the same column are structurally conserved. Where xn appears, this is a loop structure, n denotes the 
number of residues, Amino acids in red are well conserved (or conservatively substituted). 




B2 (1) 
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interface, residues from the A-inoduie/ 
including Ihe conserved aromatic, pass 
between disulphide linkages. The B A 
interface is formed by residues from the 
B-modu!e sandwiched between the pair 
of disulphide linkages. In this manner, a 
ladder of disulphide bridges is formed, 
spaced by approximately 10 A. In cases 
where the A B connection is less than 
two residues, the disuiphides from adja- 
cent modules stack directly upon each 
other^*. The interface between the first 
Al module (residues 15-29) and the sec- 
ond B2 module (residues 30-55) in 1T4FR-1 
is an example (Fig. lb). 

Functlonallmpllcatlons 

We believe our approach of using A- 
and B-modules to build receptors (Table 0 



Figure 3 

A hinge and bolt model for soluble extra- . 
cellular domain of tumour necrosis factor, 
receptor l(sTNFR-l), The schOTatic shows ^ 
residues 30-137, Aflwdules are shown . 
as magenta cylinders and ^modules as .^ 
blue plates. The TNRbinding site is con-,.r, 
talned mainly within the. projecting loops.^^', 
of the Al modules. The conserved arch * ' ' 
matic residues aire shown intercalated 
between the disulphide bridges (yellow). 



will lead to more accurate and hence use- 
ful molecular models for many members 
of the TNFR superfamily. These models 
will greatly aid in probing ligand-receptor 
recognition. LIgands for members of the 
receptor superfamily can have completely 
different structures, making it difficuh to 
draw general conclusions for the entire 
family of ligand-receptor complexes. Onfy 
the jcomplex of LT with TNFR-1 has been 
structurally characterized'^. In this com- 
plex, the receptor uses three modules 
(residues 50-1 14) to bind LT. The variable 
loop regions of the A- (especially) and 
B-modules carry most of the LT-binding 
residues. This may be a general feature 
of the Interaction of ligand with recep- 
tor. The core of the A- and B-modules 
serve as a structural scaffold that can be 
decorated with short regions of variable 
length and amino acid sequence. These 
variable regions confer specificity for 
the appropriate ligand. 

The combination of structiu'al conser- 
vation and sequence variability allows 
each member of this large receptor super- 
family to recognize its cognate ligand with 
exquisite speciflcity while using a small 
array of topologically distinct units. A 
model of CD40 (based on A- and B- 
modules) and its interaction with its 
CD40 ligand, shows these variable loops 
to be important in this complex also 
(J. Singh, pers. cbmmun.). The ability 
to adapt to 'maidmize recc^ition may 
be enhanced by the flexibility of the 
connections between the 'A- and B- 
modules. The relative orientation of the 
A- and B-modules Is probably crucial for 
recognition/specificity. We noted that in 
sTNFR-1 that these movements allowed 
the receptor to bind to itself (in three 
distinct dimers) or to LT with a high 
degree of complementarity'^^ ''^ ' '^ivi . 

< . , - .^^a: -/'^ ^i>? 
Concluston ' ^ v.^ 

Members of the TNFR family, in com- 
mon with other, apparently- imrelated 
extracellular cysteine-rich proteins; are 
constructed of modular units. 'As with 
TNFR-1, many large and perhaps un-^ 
related extracellular disulphide-rich pro- 
teins are likely to be constructed with a 
limited repertoire of topologically dis- 
tinct modules. The modules can accom- 
modate a great deal of sequence diver- 
sity while conserving their structure 
allowing large families of highly ligand- 
specific receptors to evolve, 
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Mechanistic parallels between 
DNA replication, recombination 
and transcription 



Thomas Kodadek 

The multiprotein complexes that mediate replication, trariscription and 
homologous recombination in eukaryotic cells face many of the same 
molecular challenges. These include the recognition of DMA sites embedded 
in large chromatinized genomes! the denaturation of duplex DNA. and par- 
tial dissociation and reassociation at different stages of the catalytic cycle. 
Therefore, it is not surprising that several steps in the respective catalytic 
cycles are strikingly similar at the DNA level and may proceed by similar 
mechanisms. Some of these relationships are reviewed here. It is argued 
that speculation based on such •crosspathway^ compansons may be a 
valuable paradigm for the design of new experiments. 



EUKARYOTIC TRANSCRIPnON. repli- 
cation, and homologous recombination 
are mediated by very large 'protein 
machines'* comprising many interacting 
polypeptides. Unraveling the detailed 
mechanisms of action of these protein 
machines and elucidating in detail how 
regulators Influence their activity is , a 
daunting problem that occupies hun- 
dreds of laboratories around the world. 



paradigm is for analyses of eukaryotic 
transcription, for example, to be predi- 
cated on knowledge gained from studies 
of recombination or some other aspect 
of DNA metabolism. 

To a large extent, the fields of repli- 
cation, transcription and recombination 
are separate, with their own meetings 
and a copious literature that makes it 
difficult for scientists Onc*uding this 



InvestigatorslookrouUnelytothecorr^. author) worldng^^^^^^^ 



sponding prokaryotic systems for guid- 
ance because these are better charac- 
terized biochemically. A less common 

T. Kodadek is at the University of Texas 
Southwestern Medical Center. Departments 
of Biochemistry and Internal Medicine, 
5323 Harry Hines Blvd. Dallas. • — ■ - 
TX 75235^73, USA. - . • : - ; - 
Email: kodadek@rytium.swmed.edu 



current in the others. However, a consid- 
eration of each pathway at the DNA level 
(Tig. 1) reveals striking sinularities. Each 
requires: (1) recognitton of a specific iniU- 
ation site; (2) unwinding of the initiation 
site and assembly pi a primed DNA- 
and/or RNA-synthesizing holwnzyme; 
and (3), elongation of a primer, which re- 
quires movement of the protein machine 
away from its assembly point. Dp these 
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parallels carry over to detailed mecha- . 
nism? It is suggested here that *cross-; 
pathway' thinking could provide valuable 
mechanistic insight and, at the very least, t 
suggest interesting avenues of4nvesti-: 
gation. Owing to space constraints, 1 will ^ 
restrict my cotnments to homologous, 
rather than site-specific recombination, 
and RNA polymerase A (pol ll)-mediated 
transcription, but hot pol I- or pol III-! 
mediated events. A consideration of non; 
recombinational DNA^epair pathways is 
also beyond the scope of this article. 

finding a needle in a haystack 

The binding of specific DNA sequences 
by a protein in the midst of the vast ex- 
cess of nonspecific DNA represented by 
a large eukaryotic genome is a significant 
chemical-recognition problem^-^. For ex- 
ample, a multiprotein complex called 
transcription factor IID (TFIID) marks the 
point at which the pol U transcription 
complex will be assembled! The human 
genome [-10^ base pairs (bp)] is thought 
to contain perhaps 10? promoters for 
mRNA-encoding genes,'v meaning that 
there is about a 10^-fold excess of non- 
specific DNA sites over promoter sites. If 
we define binding selectivity as /T/iion- 
specific)//r/specific), then a selectivity 
for an 'averse promoter' over an 'average . 
nonspecific site' of about lO^-iold would 
be required for TRID to saturate 90% of 
these promoters, assuming TFTID Is limit- 
ing. An occupancy of 99% would require 
a lOMold discrimination: Eukaryotic ori- 
gins of replication are recognized by a 
sbc-protein firigin lecognition complex 
(ORC)^ ® which plays a role in replication 
roughly equivalent to that of TFIID in tran- 
scription. The precise number of repli- 
cation or^ in a human cdl is unknown, 
but is thought to be several thousand. 

Do TFIID and the ORG have sufficient 
binding specificity to find core promot- 
ers and replication origins, respectively, 
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Structure-activity studies of human tumour necrosis factore 
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Human Iinraunology. PO Box 14 Rundle MaU Post OfBce. AdelaTde 5000 
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The mechanism by which tumour necrosis factors (JNF and 
lymphotoxin, also called TNFa and TOF/3 respectively) exert 
tbeu- cytotmdc activity on many malignant cells, remains 
to^ely unknown. Furthermore, the broad array of 
differentiation (gene hiduction) and mitogenic activities 
towards manyprimary cells is stUI a subject of intensive 
investigation. TNF is an unportant mediator in inflammation, 
unmune responses and infection.related phenomena and these 
activities contribute to the severe toxicity seen wlien TNF is 
used as an anticancer agent. The first step m the mechanism 
of action IS the spedlic bindmg of the Ugand to its receptow 
and dissection of the molecular mechanism hivolved m this 
interaction is the subject of this o;view. The reasons for the 
interest m this aspect are obvious: first, the development of 
strong antagonistic TNF analogue^ can be useftol in dampen, 
ing the potentiaUy lethal or deblUtadng effects of an overnro- 

«!S?c^*^c** ""^^ " rheumatoid 
arthntis). Secondly, smce two distinct TNF receptors exist. 
coiKdniction of TNF muteins that disdnguisb between botll 
types may lead to derivatives of this pleiotropic agent with 
a more restricted biological activity pattern. Ideally, one 
wou^d like to develop a TNF mutant that has retain^ its 
Q^toMc action on tumour ccUs without indudnii the 
del^us systemic toxicity. Such an optimized TNF molecule 
could become a potent anticancer agent. 

Key words: active siifi/lymphowxiti/mutagenesis/stnicture- 
lunction/tuniour necrosis ^ctor 



Primary structures 

Since the ctoning of human and mouse tumour necrosis fiictor 
IoSt? ^ 'J"^1'0«'»"' some 8 years ago (Gray et al., 1984. 
1987; Penmca etal.. 1984. 1985; Frausen 1985 
Maimenout et a/.. 1985), the genes for rabbit ato et al , 1986) 
^ '^••985). cat (McGraw et al. . 1990). dog (Fiers 
1993), porci^ (PauL etal., 1989; Drews etal., 19%). goa 
(Sprang and Eck,.1992). bovine (Niiiw and Watanabe. 1988) 
equiTO (Su et al. . 1991) and ovine (Young et al, . 199o' Gi«en 
and Sargan, 1991) TNF and for rabbit Jto er ^:,]Sk^ Z 

rS w ?^ different groups (Figure 1). Conservation within die 
TNF and lymphotoxin sequences is 71 and 61 % respectively and 
companson httwecn the two human cytokines reveals an iden- 
tity Of 32%, when die alignment was optimized, based on the 

SS^f"^^ "^1? (Eck « «A . 1992; see below), 

aoning Of die cDNA for the human and mouse membrane^xxmd 



T%oeU anngw, CD40L (Anniiage et al. . 1992; HoUenbaugh et al. . 
1992) revealed ai| identity of 22 % when the extiacellular domain 
of human CD40L was aligned widi the human TNF and human 
lymphotoxm amino add sequences (Figure 1). The correspon- 
this ligand is die B<eU CD40 antigen, a meiSber 
of a femdy of ttansmembrane proteins, including die low-affiniiv 
nerve growdi fiictor (NGF) receptor and tiie two different TNF 
receptors. TNF-R55 and TNF-R75 (see below). Recently a 
fourth memb^ of die TNF femily. caUed p33 or lymphotoxin- 
was identified and found to be 23 and 27% identical to TNF 
and lymphotoxin respectively (Figure 1 ; Browning et al. , 1993) 
p33 forms a heteromeric complex with lymphotoxin at the celi 
surface (see below). 

/^paragine-linked glycosyladon was demonstrated on murine 
TNF and on murine and human lymphotoxin, at positions 7. 60 
and 62 respecQvely (Haranaka et al., 1986; Porter. 1990) but 
not on human TNF (potential Mglycosyladon sites can alslj be 
found m several otiwr species). Moreover, it was shown that 
0-glycosylation on Tlir? could contribute to the heterogeneous 
molecular nms forms of natural human lymphotoxin preparations 
(Voigt *r <ii 1992). Also CD40L is supposed to be JV-^S 
since Its cal«ilai«l (29 395 Da) does not corres^nd to its 
observed (32-33 000 Da) (Armitage et S.. 1992 
HoUenbaugh et al., 1992). Except when indicated in this repoix* 
positions m die protein wiU be numbered, starting from Vail 
ot human TNF. Negative numbering stands for residues in die 
pre-sequence widi Alal being the first residue upstream of Vail. 

Tertiary structure 

X-ray d^^on dao on TNF (Eck and Sprang, 1989; Jones 
ftal 1989, 1990a, 1991; Sprang and Eck. 1990. 1992) and 
Ijraphotoxin crystals (Eck etal., 1992) reveal die 3-D stnictures 
of bodi cytokmes (Figure 2a and b). Each subunit, folded into 
a jdly-roU antiparallel /S-sheet sandwich, forms a bell-shaped 
ngid. inmeric molecule wifli two odier subunits. As a result' 
a channel IS formed along die trimer axis, lined by charged and 
pol^ readues near die top and bottom and by hydrophobic 
Indues m die middle part. Conserved residues between TNF 
and lymphotoxin cluster predominandy in die inner core of die 
molecule, when a slightiy difierem aUgmaent was used also 
(TavemiCT e/«/., 1989). As expected, die exterior surface is 
composed mostiy of charged and polar residues. The monomers 
snow a stnkmg simctural homology widi some viral capsid 
protems such as mfluenza haemagglutinin and especially satellite 
totacco necrosis virus (STNV) coat protem. The only cysteine 
bridge m each TNF monomer is localized near the top. while 
ae N- and C-iermini are located at dw bottom of die structure 
jjuners of irimers have been reported (Sprang and Eck. 1990) 
bw It remains to be established whedier such a higher order 
quatemaiy sttucture represents a biologically relevant entity ratfier 
dian a ciysiallographic curiosity. 

Since die regions of homology between CD40L or p33 and 
^/lyinphoioxm fall widiin die /J-sandwich fonning sciences 
(Figure 1). a sumlar 3-D fold has been suggested foVcD40L 
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RS3S...S.KPVWHWAN QL.W ANAL.AN6. .L. HN-QL VP. .GLYLIYSQVLf . G.GCP LThT 

I.Ri5SONSSOKevAHWANHQ--VEEQLEWLSO(UWALlJVNGMDIJCON-CLWPAIX3LYLVYSQVLFKGQGCP OWLLTHT 

LRSNSQASNNKPVAHWANI^-,APGOLRMG0SYWAU«NGVELK0N-QLWPTDGLYUYsS^ 
LRSSSCASSNKPVAHWANIS--AE^UIWG0SYANALKRNGVEUCW-0LWPTIX5LYU 

"l*!^"!'«f^«<^'^^"'^E<3QI^L3GRANAUANGVXLTW^^ ^HvS 

,'-S!'fS^!S^^'''^*°^'*~^^«''»'«0SYAHW>lAKGVQLEDN-QLWeAEGLYLIYSO^ -PPPVLTOT 

iS!'!f2I:^'^^'^^'^'^"«^'^SGYANAIXANGViajCDN-OLWPT0GLYLlYSQVLm^ ^HVrtlm 

VRS«SRTPSDKeV«IWANPQ-.AEGQI^LMRRWALIJ^CVEl.S0N-5LWPSSeLYLlYS«^ StSh? 

Kf.AH. . . .p l.w A.l. .G. .L. .n vP. .G.Y. .rSQV. F.G s L.H. 

. .CAA. -A LKPAAHL, . -PS— .O.SL.WRA.TDftAFL, .GFSWN.- P. SG . YrVYSQWFSG P,A. . ,P,yLAHE 

l^W N.v,L Qt.V. . .GLY, .Y-OV. F 5 

rEMO.GO. .PQIAAHV.SEA.S, . . SVLQWA, KGYYTM, .NLV-LCM<SKQLTVi^.<5LrY.Y,QVTFCSNR£:. , . .SSQ PFI 

-1 P.AH.,..p L W A.1.,G....0...L,,P..GLY..Y..V...G ...P 

0UQGGLWETADPGAOAC!QGLGrCKLPEEE.n-CLSPGLrAAHLIGAPLK-G0-GLGMbTKEQAFLT^TQF^ 

f° f° »10 120 130 MO ISO 

SEE --■■ISsr EH^^^ sL. s 

ISRFAvI^otS^ ^K'i^^!!^^TPeGM^-P-WYEPIYLGGVfX!IXKGDRLSTE;iN--LPAYLDniE$G^^ 2'^ 

isllM^^^Zl 2J^!"J!PS«S=!"<»£««-P-WYEeiY<3G6VFQ!,EKGDRLSAEIN--LPEYLW shi^p ?nf 

"mAvI^S^S^ ^h^!tE^!?^=-"S«AEAK-P-WYEPIYI^VFCLEKD0Rl^IN--LPOYW^^ ™^ 

ISRIAVSYOTKV "^"AlKSPCQRE-TPEGAEAK-e-WYEPIYLGGVFQLEKGORLSAEIN-RPOTLDrAESGOVYreilw; HuMn TNF 

vSlfsI^I^"! PU^iS^f^o GPCG-e-WVRSVYQgAVFl,LTRG0CLSTHTO--GISHLI,l8PS-SVFreAPAL Co^ " 

^lS?^--""-'IplSI^p ^PCG-P-WV^SWQGAVFLLTCGEQI^HTO--GIAHIXI^PS-SVFn»rii R°bblt " 

V LFS QY "I- P^I'q^^Tb °I^-P-WVHSMYQGAVFtLSK«DCLSThTD--6ISHLHfSPS-3VFreAFAL Mou.e lt 

V.LFS.QY.FHV PLLS.OK.V.P- S.Q.-P-W, .S.Y .CA. F.L. .G. OLSTHTD-GI .HL. . 9PS-. VFreAFAL Con"rvec( S 

;.'i.:s::::f:: lit:?: s"^?^''?*}'--? 6...fg..,l cons. hCD4oi.-hTNF 

L^U^'.f fER-":.-" LL^Ssf °" SVHI^VrEt^JAGASVfVNVT-EASOV-IHRVGFSSrciiKL Mouse Si 

rLL.AANTHSS..-»...QQ S.HLGGVFELO.GASVrVNVT....SQV..H..GF.sroU.ia COM,rv«l CD«L 

v.'l; s : ^ ^ rtT's' • ' °- • • ^ hpsa-hTNF 

VTLRS.SLYRAGGAYGPGTPEI.I.LEGAEmPVLi,p;AR»;«iw;isOG^t;aw3LRRG« SuS^^ p'l 

iSr^T^J^*"^^ CD40L a«. p33 species (sec «« for «:fcrcnc«). Co.,*,vcd TNF. con^ LT and 
lympbotgxiiLlMrM3-^^ hutnan p33 and human TNF, ccms. hp33-hTNF, between human p33 and human 

i™m«ner p-wnawKtt najpecuvely), /5-Stnmds on ihe sheei facmg the tnmer axes ait; underlined (adapccd from Sprang and Eclc, 1W2). 
(Farrah and Smith. 1992) and p33 (Bn^wning etaL, 1993). Membrane-anchored variants 

ofnT.^!^^'^^^^^ ^ analogy with the hypothesis Human TNF is synthesized as a pn^ursor protein of 233 amino 

S^G?^,^^^^^ t^^\'"^T '^^ P^^uence has an onus J enSTSTaSnoTd^ 

the TNF/NGF receptor faituiy also share some stmcniral (and and is verv conserved in p^w «fv^^c ^hT-rwro Z ^^^^T 

Smith 1992) =»uuumrai uasses irairan ana that TNF can also fimcDon as a surfece-bound cyiotoxin (Decker 

1987; Liu etal,, 1989). this stretch could serve as a 
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membrane anchor of the TNF prohormone, as has been 

fll^^u '^t""* "f'^^*^ *is sequence, may 

SSfKr ^C.«:nninu.s is located e«racdHy Sid 

«<J/.. 1992; HoUenbaugh «a/., 1992) ^ 
«.^ri. w processing of this precursor molecule is 

v^etected m a cell-free system, supplemented with Tg 
pancreas microsomes, but processing to TNF polypeptides of 
vanous lengths (17. 18.5 and 20 kDa) waTSve? Li 

1986). It has been suggested that the TNF pteciu«>r is transpoited 

fc^Jli r '^'^ by extracellul^lSe 

^'n^ leavmg behinda 14 fcDaprosequence in Ae^U 
mMpbrwe (Jue *roi, 1992). The differ^ in calculi 
(86<S0 Da) and apparent (14 kD:i) and die absencTcJ 

mS;^?°"' f ''^ post-tSL? 

modifications of die membrane-inserted prosequence. suchas 

S^^'^r** "Pon induction of the n»tS 

Z^r l^^ ^ " Shown dial diis variant staned 
with ten additional N-teiminal amino acids diat renderT^e 
t ri«?£^^ inactive (Cseh and Beutler. 1989). In tWs 
re^t. It may be mentioned that the in vino translated wecunor 
I^nts 1?r^'' <*^«8ler «a/., 1988). suggestij^ 
segments of the prosequence can mask the active ceno« or 
the molecule into an inaaive font,. ^seSa^e 
b ^ 11 """^^ and -1 should reSt - 

1^} \. ^-^ ^ Klostergaard et al. (1992) 

could £ f^"^"' "°^^y «° uncleavablTfonns 
S^Stnc J^i^l^ o"^" "^"1' ^ wl«n small 

detenom wtthin die -3. +5 region were introduced (Pbrez «T 

1990). A^enon of the first 12 amino adds disrupts the 

?^:S^«L!T99S' '""^ ' n-'^-e^actiSS 

stidSd'S"^"' of iymphoto^in (34 amino acids) is more 
standard and does not aUow membrane anchoring. Nevertheless 
membrane-bound lymphotoxin was .Jeiected (Abe et al I99l- 
Hiserodt eral., 1992). Here, andioring occun; by di non- 

TZ^^" lymphSn m^omer^ a 

nMrabran<^bounddin^erofap33protdn(B,xwning«ra^ l^l- 
AiKliolewicz ct oL . 1992). Further studi«i miuuSav^wS 
A« yn^hotD«n-p33 heteroidmer exerts activity S tf 
feitrmmics that Of lymphotoxin. C«tainly. dS cap;^;f Ae 
lymphotoxin monomer to combine wldi <^er molS 2 iJ 
Of its structure^foncdon relationship. itaS^irS 

Physicochemlcal characteristfcs 

i.d'T^f Wo,)hysicaI properties of TNF 

a«l lymphotoxin is given in Table I. Many atteraws have been 

concermng die amount of monomeric TNF in SSn oSS 
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Structure - activity snidies of human TNI 

1991. Com etai., 1992). However. meUiods such 
ultracentnfuganon and sedimentation, cixjss-linking. small 
hght scattermg and 2-p gd electrophore..is showed thac ?NF 
under aUphys,oloe«dcircumstan^ ismnrtiincr fomi (Tab e T 
On xht whole. TNF is relatively resistant to organic solvent 
and acidic cordons as compared wid, lymphotoxli (A^^Z 
1990: Porter. 1990). The side chain of Lys98 in TNF f?.^an 
Z^'IT T'"'^^^'" Sroup of Jllul 16 from 

li!. -2'^ f"' '''P °f molecule. Sinoe Glull6 is 

rn)laced m lymphotoxin by a hisddine residue, die iSk of chle 

• 592). In contrast, lymphotoxin is more resistant to 
«cop«tion sites are exposed near the bottom of the TNF 
whHlLT'^'* P"^^* located (aie below) 

nS^SS?o";:'S *^ '^"'"^ niap near die less sensitTve 
N tenninal part or die upper region of die mdecule (Jones « al. . 

"^K— '^^'^'^^^^ iinglycosylated lymphotoxin 
has die same bioacavity as die glycosylated natural product d,e 

hvS/ ?H Anders die molecule more 

hydrophilic (Hams and Aggarwal. 1989) and makes it more 
accessi^for .odmation (Stauber and Aggarwal, 1989) 

rn^"^"^"" "^"^ for die imidazol 

m«ety of hisddine (Yamamoio eral., 1987, 1989) or for die 

SL ^.^°"P* °^ 'ys'"" ^ *e N-terminal valine 
(Klt^gaard^ro/.. 1992; Utsugi 1991. iS^ reS^ 

in a ctecrease of <^oxidty . corrdating wi± die o?T^ 
modification. TWs led in die former ca^ to die identiLnon of 
■ ^ LT ^P^«*''^ for participation in die activrsiS 

(see below). On die odier hand, acylation of some amino ^oups 
«n lead to an increase in hydrxjphobicity widiout loss of TNF 
^vity and such a modified TNF molecie can integite more 
^dy m«. bpid vesicles. It has been claimed diat l^Td-bS 
^Z.^^T "^Sed in vitro tumor cyioto;ddty and 
effects, while some toxic sid^ffeas in vivo 
would be reduced (Debs er al, . 1989, 1990). 

Determination of the active site 

Motional analyses of TNF have been fadlitaujd by die high 

ceUs. Furtiiennore. die feet diat TNF does not form indusion 
but remains soluble in bacterial extracts, allows a fS 
«^punfication for wild type TNF as weU as for many of. Ae 
mutants. Ly^hotoxin is much less soluble in E,caU ly^^s 
iSTiT' fJ^'r P«rifi«tion protocols (Schoenfeld « S 
«;?;i*^^**!^'^**.''P*^'"*l'*" of ribosome binding siul 

SbS^n? ^y^^^ ^ be obtained in high quantitie^ 
The TNF and lymphotoxin mutants published so far ar^ 

SJSlSJ-"' h"^' ^ suStimtSTrSdlS Zl 
hS^^TJ^^^'i^ monomeric and/or trimetic molecule. 
Not unexpectedly, any change in diese usually highly conserved 
ammo acids mduces a structural distortion dii ScrS^S 

bTSes rsSSt"^^"^ '^"'^^^^ ^ ^ 
oy ciianges m solubOity or immunoieactivity. Also several 

echmques such as gd filtration, refolding behaJJiurCD 
(circular dichroism). cross-linking. fluoresTenS . 

SS^^" °'k? ^^'^'^ ^Pect^scoprwriySfgen 
exchange, have been used to evaluate die ^obal confoSo! 
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! 171 



Wingflddatnl.. 1987 



CytU 
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{uMAuo;. 17000 



53000 

I tnmcf ocvnpoMd of tluto 

■UfhUy diflbfinl wbUttili 

49000 

ioooo 

I 51000 
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54000 



prtHat(AM60) 



Aut weight I 4SO00 

50^53000 



C6$S 



Spcc<r« 

CD 



trigorul (3.5 A) 

<l.S^A;twinDcd) 
' tatr«goftil«A) 
critotuJ (5A} 
' cubic (3 A) 

triflOA*la9A} 
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I fluormsctiK* (280 nm> 



0«f UV; 

mu. ; 2S0.5 ran 
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<V»ncWng with la AA^ 
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Fann»««iiL, 1994 
-KullcRdQulMteM; 1984 



BniwniA««ii4IUboltni.)989| x5OOO0 
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Wtn«fiard€tU«1987 
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S«faocnfeMec>L,199l | 4^000 
Voi))iniunfliU,1988 



I i5992 (trimar) 

I bumu; 18800-2^000 



Lcwii-QaiHtfy«i*U198« 

riaic(tL,19B< 

&*ei*L,19tt 



HaluMlttattiii4ToAkiu. 

Zoos dtL. 1929 
S»lM<fii*ii«<t,I993 



A««ivr«la«Cl985b 
Poit<rct4C2990 



ABBuw4lii4L, 1984 
ar^«iUl9«4 . 
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S tThnciiAt d 4 tL. 1991 



Eck«aJ^ 1992 
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Kmm>L. 19S6} 
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Wingffcldtt 11^1987 
VanC«u<lfl«(«L,i99i 
$rttkruhmct4J^ 1989 
KuhiJcAWt ct 4L, 1990 



Nftrtchietd^ 1987 
ArakawsctaJ^ 1990 
PreHreUkj And Afflkjwi. 
1991 



max, :264nm 

;29l nm 
: 289 am 
•296 nm 



min. : 220 nm 



Ooh«(tUl992 
NiihBcA^ 0( 41. 1990 



WaJ»b«yulu ct 4C 1990 



8 



HftK-i^4-2UQ4 MED 09:50 PM 



FAX NO. 805499088Y 



P. Ub 



S«nic«ure-8ellvtty sindies of biinum rs 




^m^^' '^'^ ^ «:^rimems with huL TNF ' 



u,«c ^ ^^>- In case-^ where loss of bioacdvitv 

concerned residue was boxed and assumed to Ue in or vSl'nS 

residues S60 and H78 which are knowa to be positioned ins^ 
the molecule. Sonie niutations at these sites protoblytSS 



conforiMtional changes, leading to biological inactivity, but 
wjich are undetectable by physicochemi<il assays frSe H 

' '^^•■'^ ""^^ ^^^^^^ mutations.'^wiStsp^; 
to the TNF acnve siiii. will be discussed below. 

lynpommce of the N- and C-iemtini 

^S;"o?>?iR k'*^"' ^ amino acids increases the 
activity of TNF by a factor of 1.5-5. as measured in an L929 
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cytotoxicity assay (Creasey etaL, 1987; Oeigert a/ 1987- 

Zollf^^ ^-i^ ' unpublished i^tsrS 

EH°^8Tt"" ^Y^ty to wild lyi levels 
Marie aL , 1987; Yamagishi et al, , 1990) and only ifter d^Ie- 

if^,*"* amino acids, is a decrease in acS 
Jfe'^lf^'™'''^;' Creasy ^-rf-. 1987; Madc^2! 
ivTw^T ^ ^i^a^f holds 

"J"? 2^ N-t«minal ainino adds could £ 
removed widiow loss of biological activity (Agganval etT 

Wakabayashi ^o/., 1990), Note tbat Prol8 of lyni^hoS 
corresponds structurally to Vail of TW (Figwe 1^**°"*" 
On the oth«- hand, the CHerminus of TNP seems w be verv 

acids at tius end drastically decreases ^dubiliiy and bioactivity 

S^^o2o 5" '^^'r *° <fcS«Stion (SidClid 

^ «i . 1990. 1991). Also in lympSxSu 

These residts can be inieipreted on tfe basis of the 3-0 
jrucnjre. as Lyall in TNP (Lys28 in lyinphotoxin) forms an 
on pair with the C-terminal moiety of Leul57 fLeu^ 
lymphwoxin) of die adjacent subuiSTspJ^and Eck 19^^^ 
Smce the receptor binding site of TNF^ lynSolo^aTi; 
14 



ocaliMd at least m ^ in the lower half of the molecule (which 
B the broader half of the pyramidically shaped TNF triraer; see 
Figure 2a and b). removal of one of the terminal residues or 
delaion in diezr dose proximiiy presumably leads to a disturbance 

l^A ^ Pt*^ '''^ """^ conformation which 
could indirectly mfluence bioactivity. However, in contrast to 
this h^thesis IS the observation of Zhang et al. (1992) who 
Jfi^^i^ substitutions at position 11 (KllQ. KllM. 
KllT, KllN) have no detectable effect on structure and 
biological activity, ft is known that the N-tenninus of both 
2^kmes ,s very flexible and may even curl up and fold into 

jL^^^^r**" *® ^^"^^ (SP^ and Eck, 1992) where 
It can block the putative active site. Moreover, a murine TNF 
raotecule with an additional ten amino add sttetch at the 
198^°S';J^i!^ devoid of qaotoxic activity (Cseh and Beutler, 
S '^'y ""^^ environment 

« fiWher supported by the observation Aai substitution of Leu 1 57 
Dy File Met or On increases bioactivity (Kamijo et al, . 1989 

" t ' P^'^'y *'y "^'^^ tighter hyS 

phobic intersubunit interactions. 

n«JtI^! ^ 17 N-teiminal amino acids has 

T^ZZ^ T'^^'t 1990). It is therefore 

a remarkaWe cla«n that addition of the basic amino add stretch 
Arg-iie-Ai^-Met at this All mutant would confer on the 
mo^ an even breeder cy totoxidiy in Wzr^ as vSZ 
(Soma et aL . 1987). Furthermore, the replacement of AsplO by 
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It) «e ..bca^, a«, ^axW ^ White. Side ^^^^^SST^I^^-^ - i««^1^C.e 

ajpmne (=D10R mutation) also cuised a bioader cytotoxic ' '^i^.^:fm .A> 

cha«c«T, together with the maintenance of SSiS^ S ^ 

^riy mcteased cytotoxicity towards L929 ceUs ?S Sot^ 
in tSi.^T''*'' SP- a«. of the control wild type TNF 

accepted (1.7 X 10^ versus 1-5 x 10^ u/me) the extent of 

resistant ceUs should be re-evaluated and compared to 
n^ona^ standardized wild type TNF. Another^ SpS 
the mabdity of the DIOR mutant to kiU wfld type TW-SisSS 
ceU lines, one of which (the bladder carcin^ 1^54) Z 2 
Mn^ as «, the pievwus study (JboeraL, 1991) and similars^ 
^caGc mufimons m die N-tenninal region (R2K-S4H-T^ 
Kanujo« at. 1989; P8R-S9K-D10R. N^mLelV iSul) 

^r^J^ «ll lines used in different laboratories inder^ 
same name, may vaiy considerably in sensitivity and the use 
appmpnate standard TNF preparations is higWy r^comSd! 
Mutagenic analysis 

Because oiigiaaUy very few indications were available ooncemii» 
the location of the active site on die TNF mSf^S 

were setectad on the basis of tbeir cytotoxic activity against mouse 

™^ <?y a/. . 1991). Starting from these results, additional siift- 

s^i^rrT^*"^ ^« <^^oSrf 

ine resulong TNF analogues was investigated bv analvsia of 
^ lubflity and Immunoi^^Sivi^ (Yamagishi^.. iglSfo/lSr 
solubUity. ciix:ular dichroism spe«3 trimeSiio?J^^^ 
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(Van Ostade et al. , 1991). Results from these two independent 
studies were quite similar: TNF activity dropped considerably 
when alterations were introduced in regions 29 -36, 84-91, 
117-119 and 143-148. widmi marked change in'immuno^ 
reactivity or physicochemical characteiistics. More specifically, 
subsonitions on the following positions reduced TNF cytotoxicity 
by a fector of > 100: 29. 32, 33, 34. 36, 84, 86. 87, 91 117 
119, 143, 146. 147 and 148 (Table II). Except for region 
1 17 - J 19, which is involved in the forniaiioa of an inner /3-aheet, 
the other three stretches are all located in loop structures w*icb 
duster in die 3.D model of TNF around the cleft, located each 
tinK between two subunits of the trimer (Figure 3a and b). The 
majority of die aforementioned residues are posidoned in the 
lower half of the molecule, near Ae base of the pyramidal 
stiucnire. at die outer suiiaoe. By convairion, die Uitee-sided 
pyramid is rqiresented with its dp upwards, but when bound to 
us recqjtor. the tip is oriented towards die cdl surface (Banner 
etal., 1992). 

It is not easy to evaluate to what extent an amino add 
substinitjon in these regions alters the biological activity m eiUier 
a direct or an indirea manner. Indirect inactivation by 
destabilizing subunit contacts and, dius, by altering die 
conformanon of the active site cleft, is quite conceivable (Sprang 
and Eck, 1992). However. Tyr87. for <=icample, is aproau<UM 
residue, not involved in intersubunit contacts (Figure 4) and 
substinition by histidine. asparagine or serine reduces die 
cytotoxidly drastically (Yamagisfai et al. , 1990; ZHang et al 
1992). Moreover, die same residue is aLfo involved in die active 
centre of lympholoxin where even a consm'ative change to 
phenylalanine results in a more dian 1000-fold drop in activity 
(Goh er «/ 1992). Hence, Tyr87 could form a direct contact 
with die TNF receptor, altiiough it has been reported Uiat 
lodination of TNF and lymphotoxin on this Tyr residue did not 
reduce die activity (Aggarwal et al., 1985a). Anodicr potential 
candidate for direa interaction with die receptor is Asp50-m 
ly^otoxin (position 33 in TNF) because of Uw large decrease 
m bioactivity after substitution by conservative amino acids sudi 
as aq»anigine or glutamic acid (Goh et al.. 1992). The side chain 
of dus residue clearly points to die exterior (Figure 3b) and 
hoire, is able to form a direct contact wifli ihe receptor. However' 
die direct mvolvement in die active centre of TNF of die loop 
containing Asp50 is still unresolved. Zhang et aL (1992) 
constmcted several mutations in aiisiiegi£Kia29M L29V L290 
129P, R31P. R31H, A3SP mi ASSVTiiy cc^uS flS 
die roation-restricted proline substitutions were able to reduce 
considerably receptor binding md cytotojuc activity, probably 
as a result^ a local modified confonnatian of die polypeptide 
backbone. TTiese results suggest fiiat direct iweptor binding sites 
are more distandy located from die loop connecting i3-stonds 

AnodiCT random mutagenesis study revealed two poreatiaUy 
rdevant TNF muteins: H15Y and P117S Qxoet^, 1991) 
Aldiough no analysis was made regarding die possible change 
m oinformation of ttiese mutants, die two positions agree wdl 
with otiier reports (position 15, Yamamoio et aL. 1987 1989- 
position 117, Yamagfaishierai, 1990). 

It may be noted diat aldiough die concentration of die 
mactiv«mg mutations in a single area constitutes an intrinsic 
control for die random expetioienls, the possibility is not excluded 
diat odier domains of die molecule are also mvolved in receptor 
contact but were not revealed due to confonnauonal dismtbances 
Tr*^^!^ substitutions might cause. Thus, while die lower half 
of ttw TNF molecule is certainly involved in receptor interaction, 
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diese data do not exclude die possibUity dm additional sites also 
play a role. Furthermore, caution must be taken since activity 
determinations were performed on mouse cell lines (L929 and 
WEHO while a species-specific effect can clearly be observed 
witii die majority of die muteins when tested on human cell lines 
(e.g. H^2 and KYM) (Van Ostade etal., submitted). This 
indicates that die heterologous ligand- receptor interaction is 
more restricted and. hence, more sensitive to mutagenesis, as 
compared to die homologous interaction. 

Cbnsistent widi die aforementioned results are the data of 
Masegi et al. (1990) who showed diat mutagenesis m two of the 
previously mentioned loops (R32E and A84H) could reduce die 
cytotoxic activity Ity a fector of 10*. Zhang et aL (1992) also 
obtained evidence for die possible involvement of Ser95, Serl33 
and Serl47, die first of which also lines die interaubunit cleft. 
Serl33 is located outside die groove and diis may suggest an 
extended receptor binding surface, at least in die lower half of 
die molecule. However, die activity data of Zhang et aL (1992) 
are m contrast to diose reported by Ito etal. (1991) and 
Yamagishi etal. (1990) on S95F+G153y and S133I mutants 
respecQvdy (Table H). Also conflicting results concerning die 
involvement of die R31H and N39D mutants exist in die reports 
of Zhang et al. (1992) and Yamagishi et al. (1990) (Table II). 
The e;^lanation for diese contradictions is still unclear but 
measurement based on purified proteins versus bacterial lysates 
could be a possible reason. 

Odier studies by site-^)edfic mutagenesis were directed at some 
oaiserved residues m die primary structures of die two cytokines 
For instance, die diree histidine residues Opositions 15, 73 and 
78) of which die first and die last are conserved in TNF and 
lyaqjhotoxin, were dianged to various otiier amino acids (Table 
g). Only mutagenesis of Hisl5 caused a clear decrease in 
bioactivity, but all die mutants (H15N, H15Q, H15K. H15G) 
accumulated in bacterial inclu«on bodies and had to be solubilixed 
by a denaturation-renaturation step (Yamamoto, 1987, 1989) 
As a consequence, die possibility Uiai uiactivity is a result of 
incorrect refolding of die HislS mutants cannot be excluded 
Moreover. Zhang etal. (1992) suggested diat die putative 
hydrogen bond between Hisl5 and Tyr59 or die local polar 
envuonmait m diis area is necessary for a correct folding of die 
monomer. The two tryptophan residues (positions 28 and 114) 
are not only conserved m aU TNF species but also in lymphoroxin 
(Figure 1). It turned out, however, diat replacement by 
phenylalanine had no pronounced effect on cytotoxoic activity 
CVan Ostede etoL. 1988). Also substinition of Tip28 by cysteine 
did not alter bioactivity, aldiough die mutants W28R. W28L and 
W28S resulted m abnormal aggre^ted forms, suggesting a 
^ca«al role for Trp28 (Zhang et al. . 1992). TTie two cysteLs 
(69 and 101) are conserved in all TNF species and even in bovine 
and rabbit lymphotoxin but not in human lymphotoxin (Figure 
1). As mentioned before, tiiese residues form an intramolecular 
diRilphide bridge, diereby conneaing two loops on top of each 
submit. Tliis bond was broken by replacing one CTsujimoio ei al 
1987; YanMgishi etal., 1990; Lin, 1992; unpublished results) 
ordietwoCysr««idues(Mark«a/;, l987;Narachierai. 1987- 
^^^f^-',.^^' P'^'^e'ski and Arakawa. 1991; Lin.' 
iW2). Only a slight reduction in activity was observed in each 
case and it was reported diat die mutant adapted a looser, more 
uexibie structure in solution, as compared to native TNF 
(Arakawa etal., 1990; Prestrelski and Arakawa. 1991) 

T°7l^,^TJ^ '^'^^ ^'yst^s- 8^0^° "dier from 
rechiced TNF (Eck et aL , 1988) or from die disulphide bridge- 
deficient mutant C69S (unpublished results) diffr^ to a h|h 
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resolution, but unfortunately were ^vInned and, thus, unsuitable 
for X-ray diffraction analysis. Also deletion of a neighbouring 
amino acid (Gin 102) had no influetice on cytotoxic activity ato 
etal., 1991). 

Other evidence regarding ihe strucrure -junction reUuionship 
Some theoretical considerations weoe suggestive for an active 
centre in the lower half of the molucule. Jones et al. (1990b) 
. were able to project onto the TNF stmcture receptor-interacting 
residues of viral coat proteins, having a simctural similarity to 
TNF (e.g. picomavinis HRV14 and the foot-and-mouth disease 
VITUS FMDV). In the case of Serl33 and the tripeptide 
Lysl28-Glyl29-Aspl30, even sonie sequence homology with 
the corresponding viral residues was noted and, in addition ne83 
was also a serious candidate. Mutations in the much mote dialed 
CD40 Ugand (see above) that cause non-fimciional molecules, 
leadmg to the disorder of X-linlffid iuinmnodeficiency with hyper 
IgM, raap onto positions 13 (DiSanio et al.. 1993) 18 19 130 
(Aiuffo et oL, 1993), 28 (Koitfaauej «a/.. 1993) 43 and 122 
(AUen et al , 1993) when projected <into the TNF structure. All 
these mutations are drastic, non-cowervative replacements that 
ate located in the tower half of the molecule and probably disnipt 
the conformadon of the CD40 binding site. 

Another approximate localization of the active site came ftx>m 
the deteniunation of the epitopes of neuwalizing antibodies 
Antibodies were raised against several synthetic TNF fragments 
and were able to reaa with the native molecule. However only 
antibodies against the N-tenniiial seqwjnces 1 - 15 and 1 -31 had 
neutralizing potency while antibodies to epitopes in the middle/top 
region did not (Socfaer et al., mi; Cotti eral., 1992b). In a 
simjar study, the last 31 residues of human TNF weie replaced 
by theu- corresponding mouse amino adds. Such a TNF chimera 
completely lost a binding site for a neutralizing antihuman 
monoclonal antibody. Substitution of the only three conserved 
residues in this stretch, pointed to Ar^lSl as being involved in 
the epitope but not in the active centre. As the antibody was 
neutralizmg, residues essential for bioactivity must be located 
m close proximity to this Argl31 (Tavemier et al., 1990). 

Finally, another strategy for active site determination involved 
the introduction of consensus recognitiim sequences for N-linfced 
^ycosylation in the loop regions of tlie protein. Expression in 
Chinese hamster ovaiy cells (CHO crlls) resulted in rationally 
designed, glycosylated human TNF molecules. These studies 
learned that introduction of carbohydrate groups on loop regions 
at the bottom (Icx^s 6-ll, 30-34, 38 -42, 52 -57 85 -89 
125-129 and 155-158). Wocksed th« active centre of TNF* 
Linkage of glycosyl groups to loops, positioned higher in the 
molecule had no effect (Leung and Leung, 1992). 

Mutant TNF molecules that dlffereotiiUly bind to the two TNF 
receptors 

Two TNF receptors CTNF-R55 and TNF-RVS) from human 
(Loetscher et oL . 1990; Schall «r al. , l')90; Smith et al. , 1990) 

^.r?^.?^^"^'"^-' Oood^metal.. 1991; Lewis 
ei at. , lyyi) have now been cloned. The mouse TNF-R75 does 
not bind human TNF (Lewis tffflf.. 1991; TartagUa« 1991) 
and this explains the decreased activity of human TNF lowaids 
TT^,5?^*^ ^ '^-^'^ (Plaetincic et oL , 1987; Ranges 
fom ' ^ receptor type as the major 

Early mutagenesis smdies already suggested a differential 
activity of some TNF muteins, maintaining the wild type activity 
m one assay system but showing a reduced activity inanother 



Strucnire— activity studies of huiuan TNF 

The double cysteine mutant, C69A-C101A, had an antiviral 
activity on HeLa cells comparable to the native protein but 
cytolytic acuvity and inhibition of intracellular lipid production 
was reduced by a factor of 5-7 (Narachi etal, mi) AJso 
anwher double mutant, R31N^R32T. exhibited wild type «rowth 
enhancing activity on diploid fibroblast ceUs. whereas cytotoxic 
a myorhabdosarcoma cell line was reduced 
i:60.fold (Tsujimoto et al , 1987). On the other hand, changing 
Uul57 (the last residue in TNF and lymphotoxin) to 
phenylaJamne. resulted in a mutant that was five and 20 times 
more potent in the'inductioa of macrophage differentiation and 
cytotoxicity respectively, compared to wild type TNF (Kamiio 
et al., 1989). Although such results have to be evaluated with 
wuoon considering the inaccuracy of many cell biological assays 
th<qr cat! be interpreted as cell-specific responses to a simal 
mediated by one TNF receptor or as diffetential binding of TOF 
towards die two TNF receptors TNF-R55 and TNF-R75 The 
latter possibaity was strengthened by the observation that a 
neutralaing anti-TNF antibody inhibited cytotoxicity and receptor 
interaction in one tumour model but not in another (Rathjen et al 
1991), We have characterized in detail two TNF mutants. L29S 
and R32W, which have maintained ataiost completely the ability 
to bind to TNF-R55, while die TNF-R75 affinity was decreased 
drasucally (Van Ostade et a/. . 1993). In addition, this difference 
m physical binding behaviour towards the two TNF receptors 
was suppoited by the biological activities diey mediated. In a 
siUjsequent smdy, two mutations at position 29 (L29G and 
iVe.^^^ ^ ^ discriminative, as compared 

to L29S. Also charge reversal at position 146 (Ei46K) results 
in a inarked differential binding and activity. The results obtained 
dm far indicate tiiat the TNF-R75-specific region is located in 
a cluster of Uiree residues at die right side of the groove (Figure 
3; Van Ostade etaL, submitted). Such an uncoupling of TNF- 
R55. and TNF-R75-mediated activities could have an intei«stins 
potential regarding die clinical use of TNF as an anticancer agem 
Indeed, tn vivo toxicity of human TNF in normal mice is -50 
times lower, compared to mouse TNF, while selective tumour 
toxicity remained unaffected (Brouckaeri et al., 1992), suggesting 
a special role for TNF-R75 in TNF-induced systemic toxicity 
D^z" '"^^ '^"^ ^ TNF-R55-specific mutants L29S, 
R32W and Ei4dK could act as die equivalent of human TNF 
m mice, they offer tiie prospect of reduced general toxicity, when 
used m cancer patients. In addition, die R32W and E146K 
mutants show a decrease in activity towards neutrophils and 
eiKkMhelial ceUs (Barbara etal., ijx preparation), two ceU types 
which are believed to play an important part in TNF-induced 
^^stemic toxicity (Beutier and Ceiarai, 1988). Uncoupling of 
TNF-R55- and TNF-R75-mediated activities was also possible 
in die mouse syston (mouse R32Y; Van Ostade et al. . submitted) 
and, flierefore. offers tfie possfl)Uity of testing die efficacy of 
differcntially binding muteins in ww in mice (unlike human TNF 
these mouse TNF mutants are expeaed to be ahnost non- 
inmunogemc). Ftmhetmore. a reversed differential binding 
(afimity for TNF-R75 less affeaed as compared to TNF-R5^ 
and concomitant receptor-mediated activity was observed with 
sevwal sutetimrions at position 143 m human TNF (Van Ostade 
et al. , submitted). It thus appears now that botti TNF receptors 
can interact, m addition to a common region, witfi at least one 
specific area on the ligand (Figure 3); 

Difference between TNF and lymphotoxid 

Certain cell types respond b a different way to TNF and to 

lymphotoxin (Aggarwal. 1991b and references tiierein: Porxer. 
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1990 and refeiences therein; Wakahayashi et aL lOgn^ r,,* 
cytokine bind to the purified receptcS^A SrliS^* 
(Sdioenfdd « cd., 1991) although m some ceU lines a^tlv 
fii^r affinity for TNF was observed (Aiyer az«i A^S! 

1990: Wataibayashi 1990; kaitano et al^99\) aIm 

!?^/ liS^"" P«»*«^ly K'^ards TNF-il55 (Secldnger 
a/., 1989; Engelraana etaL, 1990b; Ga«naga aTlSI)- 

Obviously. ,t means that the interaction between the ioSe) 
fg^d cannot be identical in moS^S 
^ lymphoto«n. In this lespect. it is noteworthy 
TNF, a deletion and an insertion^ 
tyinphotQ«n fall within two loops at the too of die ainZ 
(Figure 1; Eck « a/. , 1992). T^lc^ A ly^JbS 

mp stt«ch which us the highest protruding loop in die 
ffloteculeandafen-shaped outlook Cu«ie«Wfo£^ 
te^veen loop residues 70 and 71 in TNF) (Figure 2a 

mLre^rtt^ nuinb«ing) and. thus, making the nwleoile 
more TNF-hke resulted m a mutant that appaientiy showed 
^ 'S,?^'^ the other parts of the smic^ £SS 
^ circular dichroism spectra and refolding experiments 
OVakabayas^ et al., 1990). However, tiiis dSn S?S 
a remari^ly mcreascd activity, coo^sponding to a iSS 
iecepK,r binding affinity and amino .icid r^la4„i„te K 

o'Si^^^-P'^y ^ eftectTfSSon. 
4e odier hand, m those assays wliere TNF was used for 

^S^' ^ lymphotoxin mutams reached the 1W 
pojnq. (W^l^yash, « fl/.. 1990). More activity and affiS 
^To^'f' th^ respond differendy to INF and lymphS 
need to be done before one can conch.de that a deleSTK 

toop mdeed miU«» lymphotoxin monj 'TNF W iS^Svi^ 
^oire but also in activity. If confirmed, die 
acaon site of bo* molecules may have to b^ e=«S «p^. 

Thus far. evjdence for involvemem in die acdve L of 
lymphotoxm only points towards resi<hies 50 and 108 and to 
a tes«a; extetit. to positions 46, 107 and 158 flvaJtotoxS 
mimbermg^, smce substitution at tiiese sites cansed^SS 
m faioactivity, correspoadmg widi deci«ased recentnrwISin* 

smK^ftese sites (29. 33, 86, 87 and 143ii INF mnS>S 
are indml to^ « loop regions 29-3<i, 82^91 and iS^^ 
bning the deft between die two subunit. In contiS^wto liS' 
ho^vej aljenuio^ '^^^^ residues ^TS^i 
4« 4^ 51 OS, 106. 109 and 160; lymjAotoxm numbering) did 
not affect hoactivity. Possibly, the adive site of 

TNF could be more rigid, such diat amino acid 
substimboris could more easily induce a «.nfottnarion!dSrtiw 
uidirecdy leading to loss of activity oisioraon. 
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R55 seems to be important, altfiough not essential for TNF and 
^photoxm bmding, but die first domain is highly necessary 
m^v^ etal. 1992). TTie faa that the overaU dSrgTof 52 

^^'"^ r "PP°^''« positive 
^^^^ ^ ^ "^^^^^ °f iraponani electrostatic 
interaction Suice the active form of TNF and lymphotoxin s 

S Lewic-Bentley eral., 

1988; Schoenfeld ^toL. 1991), it foUows that binding result^ 

T<J^' "^"^^J^ 1991; Pennii eTS 

1992 . For most ,f liot afl TNF activities, diis pr^^ess isSffic^nl 
for si^a^ triggering since monoclonal antibodies (^pSSy 
IgM) ^ai^t either of the two receptors were able to minticTNF 

et aL . IWO; Tart^« 199I; Tartaglia and Goeddel im- 
Vandenabeele «<i/.. 1992). The co^lex. foW bylf; 
attachmm of three TNF-R55 receptors to one lymphotof^ 
inmer has a rod-like structure (uJetscher l£n ^d 

pr^immary X^y diffi^on data indicate diat the four receptor 
aibdomains are ahgned and interact witii discrete regionsTS 
^which pom.^ With its top towards the cell^^embian: 



The ligand- receptor compfex 

XlSo'^nSL^?^ fer regiirding the 3-D strucnne 
allnutJT t ■ "^''f • Anuno acid sequence comparison 

Ses'aiS^die^lS^?^ ^ 

l^-aJiis^rSct^S^ 

charactmzed by a strongly conserved panen, (StSSS^ 

a^her««/., l990;SchaU«aZ..Sj?rsSTST^T 

•nie fourth domain (most distal fix^ the cdJ mZi^of 
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Has TNF other active centres? 
fmemction with manbranes 

Thus far. it has been accepted tiiat die active site of TNF was 
Klenncal to die receptor bmding site. Some claims, howerr 
SS^." addi|fonal fimcrion of the cytokme £^^7^^' 
Dependent on^vi composition. TNF concenti^tion andSl' 
assoaation of TNF wid, or integration in arSdaf ^mb^^ies 
was demonstrated (Baldwin etoL, 1988; Debs ^T 1^9 

TST^ ^^"^^r^' conSnlri^oS 

. ^ «n increase in permeabilitv of 

FjK«phohpdveddes(Okue^a/.. 1987). aptocSSSiS^ur 
synersstically wufa mierfeion-7 (Yoshmiura and So^ 

fa addtoon.K^ei.2i (1992) showed diat under approxinS 
the same condmons. die conductance of planar lEZSd 
^branes mcrea^. which was explainSlTafSLTt 
^1^°"^ f^' membrane by flowig d3 *e 
c«itwl channel of inserted intact TNF 4ner mllecuS How 
tius Jpid penetration process takes place is stiU an open q^esti^n 
but die maintenance of bioactiviQ.. togedier witTdS^g 

f^Z^"^^'^"''^- 1989). increasing hydrophobia.^ 
(possibly by die surfece exposure of die two tryptophan residues) 

"^«^th« conformational rearrangements could occur 

k^Si^^hT P^?"'* ^ P'^ss since 

Sfi-^o ^ ^ ^""^ mtemalized and accumulates in 
Ac acidic «ivuontDeot of die lysosomes. It has been shm^ by 

2iSJ?e'^li'^''^1 ^'^^^ ^ treatment, odjw^ 

sensitive ceUs release a penneabtUty-inducing activL for 
hpj«omesm die medium, TTie audiors pn^pos^lJ^^J^L^c 

re^hng degradation produa was detected m the meSum 

aXT^?a^L^' expression in E.coU ceUs. has 

^ ^ suggested as an argument for an interaction of TNF 
"wndi membranes (Case etaL, 1991) ««-""u 01 int- 

Oa& must, however, keep m mind diat aU well-charaaerized 
as mitogenic and gene induction activities) sho^ also a drop in 
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receptor affinity. Furthermore, since thus far there is no t«nort 
in which a TNF biological effect could not be niimickedby 
Romaic monoclonal antireceptor antibodies, it may be concluded 
that for aU the major functions of TNF, receptor clustering 
fh "/^S"^ the mechanism of acrion. However, the possibili^ 
J- f"«™brane insertion could mediate an as v« 

undiscovered, biological function is not excluded. 
Lectin-like binding 

In addition to the properties mentioned above. TNF under acidic 
condiaons also shows an affinity Jbr high mannose-substitured 
glycoproteins (Moonen etat.. 1988; Muchmore etal., iSoT 
It is not known whether this bind.ng is biologically relevant 
AcHvity of pepHde fragments 

fa analog, with the immunostimiilatoiy activity of synthetic 
pepddes froin mterIeukin-1 (Amoni et J., 1986; MosleTlrS 
w^'l^^f"" '"^""^ 3 1 -68) of TNF showjj som^ 

chemotacac stimulatory activity lowaids fibroblast cells 

wild type TNF. Despite this very low activity, k remains 
mmgumg that the fei pan of this peptide (amino^i, 51^^ 
S t ?f^.°''''«^e-stiinuladng activity (Steimer eroi 
1992). while the second part (petitions 54-68) has som^ 

Si W^^®' «'"*«P<"«l"g to amino acids 127-132 of 
munne TNF. was reported to cause a very weak cytotoxiciSJ 
ww^ds severaUumoor ceU lines (Shdi et 7, 19^).SS? 
m these cases the signal could not be itansmined dirough iS^; 
cUijenng^ Whedier or not these observations ar« SfvS^ 
^derstandmg of the tnie in vivo mechanism of action of TOF 
remains to be proven. 



Scnictare-sctlvltjr studies of human TNF 

proteins. Randotn and site-specific mutagenesis showed that 
amino acds involved in receptor binding of TNF aTtociS 

u ^}^^ - 148. Consistent with these observations are rh,^ 
positions of tiie active site residues of lymphotoST s^cftht 

Je two strucmres. The groove between the subuitiK Treo^ti 
threetirnesmtheTWandlymphoioxintrimer oSSS 
or lym^xin niolecule has Ze xecepSdSjSi 
by dustenng three receptors, an event Aat is sufficiS! « iS 
fcM- Che large majotiiy of TNF effects, to transmitXTNF s S 
Also. TNF mutants that bind sd<iSSTon^ ofVn ^ 
r«=eptors ^ve been developed. ConSg ^t£nZ 
domains of ti,e two TNF receptt,„ are t3y unrelaSS^S 
*«^o receptors have a different cell disttibutionSd re^t 
these receptor-restricted TNF mutants offer tiiromS 
u«^ge sever^ TNF-mediated effects. More sp^S^lSs^ 
on m wvo results m the murine system, one maVtoSt 

Se^^efi'^f ''''' woulX^e'SS 
%^f^^ «iQtumour effects, but be at least partially devoid 

^iJ^t"^ interaction of TNF with eitiier of its two 
receptors has yet to come from crystal structures 

of T?^h' . understanding of the fin^ det^^^ 

rfTOl' and lympbotoxin and their intenictions with their To 
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TNF hybrids 

St£t°SrTftpf ly^^Photoxin (mutant Al.23) or TNF 
iS^ JJT ^^^^^ """^ '° tntBrferon-7 (Feng etal.. 
1988) and thyrnosm-^4 (Tsigi « al. . 1989) respectively resuSd 
in chmierae witii an increased or unchanged ^SSc 
« viiro respectively. TTie augmentationlf cyS^ty TZ 
fotiner constt^^ p^^ihiy the^^Se^ect 
weU knov^ for ti^ cytoi^s (Sugarman er I, 19^fS 
etaL 1986) The usefulness of die TNF/diymosin-i34 
hybnd wgfi^er investigated in tumc«r-bearing im^'^^S 

rl^Kor ^^iL^.S'^^*^ hun-an/mouse antitiinS 
receptor antibody-Fab fragment was Jinked to human TNF onH 

character^sucs on tumour cell llnt-s (Hoogenb6om et^, 
1991a, b). AJtiiough diese constructs had apparendv r^ln^ 
^unoreactivity with at least some anWT^ monS 

to be elucidated and cauuon must be used in die interoreta^ 

oi smicnire results from coupling the TNF oolvnendde u,hi<.h 
normaUy trimerizes. to an ii«>rfetx)n-^ or rCftl^S 
heavy chain polj^ptide. which nonnaUy dtoS aS 
unmunogemcity of such chimerae would be a cause^on<^^ 

Conclusion 

At least pan of die recqrtor binding site of TNF is located m 
So ^ °^ ^ trimeric iiW^; 

e^^rSirJt^'i'^w'^ ^ ^-'^"^"'^ «!ds. blo^ 
experunents widi anubodies or carbohydrate ciouds and from 
comparison witii die receptor binding sL of SS ^ Z 
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Summary 

A novel secreted glycoprotein that regulates bone re- 
sorption has been identified. The protein, termed Os- 
teoprotegerin (OPG), is a novel member of the TNF 
receptor superfamily. In vivo, hepatic expression of 
OPG in transgenic mice results in a profound yet non- 
lethal osteopetrosis, coincident with a decrease in 
later stages of osteoclast differentiation. These same 
effects are observed upon administration of recom- 
binant OPG into normal mice. In vitro, osteoclast dif- 
ferentiation from precursor cells is blocked in a 
dose-dependent manner by recombinant OPG. Fur- 
thermore, OPG blocks ovariectomy-associated bone 
loss in rats. These data show that OPG can act as a 
soluble factor in the regulation of bone mass and imply 
a utility for OPG in the treatment of osteoporosis asso- 
ciated with increased osteoclast activity. 

Introduction 

Bone is a complex tissue composed of cells, collage- 
nous matrix, and inorganic elements. It provides many 
essential functions, including mechanical support, pro- 
tection of vital organs, a microenvironment for hemato- 
poiesis, and a depot for calcium and other minerals. The 
growth, development, and maintenance of bone is a 
highly regulated process (Nijweide et al., 1986). The level 
of bone mass reflects the balance of bone formation 
and resorption, which at the cellular level involves the 
coordinate regulation of bone-forming cells (osteo- 
blasts) and bone-resorbing cells (osteoclasts). Osteo- 
blasts arise from mesenchymal stem' cells and produce 
bone matrix during development, after bone injury, and 



during normal bone remodeling that occurs throughout 
life. In contrast, osteoclasts differentiate from hemato- 
poietic precursors of the monocyte-macrophage lin- 
eage and resorb bone matrix. Both these cell types are 
influenced by a wide variety of hormones, inflammatory 
mediators, and growth factors (Suda etal., 1992;Mundy, 
1993a, 1993b). An imbalance of osteoblast and osteo- 
clast functions can result in skeletal abnormalities char- 
acterized by increased (osteopetrosis) or decreased (os- 
teoporosis) bone mass. 

The study of osteopetrosis in mutant mice has led to 
significant advances in the understanding of the pro- 
cesses that regulate bone mass (Marks, 1989). From 
these studies we have learned the following: (i) genetic 
defects in osteoclast development, maturation, and/or 
activation lead to decreased bone resorption and uni- 
formly result in severe osteopetrosis (Marks, 1989); (ii) 
the stromal microenvironment plays an essential role 
in osteoclast differentiation (Udagawa et al.. 1989); Oii) 
signal transduction from the cell membrane through Src 
tyrosine kinase is necessary for osteoclast-mediated 
bone resorption (Soriano et al., 1991); and Gv) changes 
in gene expression patterns regulated by the nuclear 
factor Fos play an important role in osteoclast develop- 
ment (Wang et al., 1992; Grigoriades etal., 1994). Addi- 
tionally, osteoclast maturation and activation are regu- 
lated by osteoblast-derived factors during remodeling 
(Rodan and Martin, 1981). The disregulation of osteo- 
blast and osteoclast functions in these systems impli- 
cates genes that act as key determinants in the regula- 
tion of bone mass. However, relatively little is known 
about the soluble factors that act physiologically to reg- 
ulate osteoclast development. ; J ; 

This report describes the isolation of a determinant 
in the regulation of bone mass, a novel secreted member 
of the tumor necrosis factor receptor (TNFR) superfam- 
ily. The TNFR superfamily consists mostly of transmem- 
brane proteins that elicit signal transduction in a variety 
of cells. This novel member lacks any apparent cell- 
association signals, however, indicating it likely acts in 
the extracellular milieu. Transgenic mice expressing this 
, secreted protein exhibit a generalized increase in bone 
density (osteopetrosis) associated with a decrease in 
osteoclasts. We named this protein Osteoprotegerin 
(OPG), i.e., to protect bone. Administration of recombi- 
nant OPG produces similar effects in normal mice and 
protects against ovariectomy-associated bone loss in 
rats. In vitro, OPG blocks osteoclastogenesis in a dose- 
dependent manner. OPG appears to block the differenti- 
ation of osteoclasts, the principal if not sole bone- 
resorbing cell type, suggesting that it can act as a 
humoral regulator of bone resorption. ' * ;i 

Results : - i: r : 

' Identification and Isolation of a Novel ' ' ' ^ " ' 
Secreted TNFR-Related Protein ' ' * 

OPG was first identified by sequence homology as a 
possible novel member of the TNFR superfamily during 

^ a fetal rat Intestine cDNA-sequencIng project,"* A full- 
• ' length version of this clone was isolated and sequenced 
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(Figure 1A). This novel cDNA encodes a 401 amino acid 
(aa) polypeptide that has features of a s^etS lc? 
protein, such as a hydrophobic leader pepS, Ind 4 
thouT/h''''' °' "-""'^^ g'ycosylation ff^ijure 8^1 
o thf^nf ^ ""^'l"" ^"'^^"9 '"^"='^^5 the database 
Si of the orot^?"^ N-terminal 
of the Tnf^T ' "'■""'^"■'y »° ^" "'^"^''ers 
CD« JnTkpoT '"''^■"Otably TNFR-2 and 

Se^oan^n "° •'y*°Phobic transmem- 

(aa 195-401) showed no homologies to any other known 



Figure 1. Osteoprotegerin Protein Structure 
and Secretion in Mammalian Cells 
(AJ Stnicture of the 2.4 kb rat intestinal pBI 1 
clone indicating the position of the 401 aa 
open reading frame (baij. The closed l>ox reo- 
Zl-f^sidue Signal peptide, and 

t«c?5J^^ of the 4 

TNFR-lfkecystelne-rich domains. 
(B) Alignment of human, mouse, and rat 
amino add sequences. The locaUon of the 
signal peptide cleavage site is indicated by 

"^""^'^^"''•■^'"^N.tem.lnall 
TNFR-like cysteine-rich domains located be- 
tween residues 22 and 194 are labeled MV 
The predicted disulfide linkages (SS) for do- 
mains l-iV are indicated by bold lines. Either 
tyrosine 28 or 31 andhistidine 75 (underiined) 
arepredictedtofomianionicinteraction 1^ 
cysteine residues located in the C-teim r«1 
half of OPG are boxed. ^ <- ,»™nal 

l?/np^"^f ^^'y^'^of^^^onibinammu- 
nne OPG produced In CHO cells. Cells were 
pulse-labeled for 30 min, then chased for the 
indicated time. Extracts of cells (left paneQ 
and conditioned media (right paneQ were im- 
munoprecipitated, then analyzed by SDS- 
PAGE under nonreducing conditions. The rel- 
ative mobility of the 55 kDa monomer and 1 1 0 
kDa dimer are indicated. 



tITJI, T recognizable protein motifs 
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Figure 2. opg mRNA Expression in Tissues 
and during Mouse Embryogenesis 

(A) Northern blot of poly(A)+ mouse tissue or 
whole embryo RNA probed with a mouse opg 
cDNA probe (upper panel) or with a mouse 
gapdh cDNA probe Oower panel). 

(B) Northern blot of poly(A)^ human tissue 
RNA probed with a human opg cDNA probe 
(upper paneO or a mouse gapdh cDNA probe 
Oower paneO- Both mouse and human OPG 
transcripts migrate as an approximately 3.0 
kb band. 

(C) In situ hybridization analysis of mouse opg 
mRNA expression in an El 5 mouse embryo. 
Shown here is a saggital section of an El 5 
BDF1 mouse embryo that was hybridized 
overnight with ["S]UTP antisense rit>oprobe 
for the detection of murine opg mRNA. Sense 
probe was used as a control and showed no 
signal (data not shown). Note the high expres- 
sion of opg mRNA in cartilage rudiments of 
developing bones and in several major arter- 
ies, the gastrointestinal tract and skin. 



glycoprotein (Figure 1C). Initially, OPG is synthesized as 
an approximately 55 kDa monomer within the cell, is 
next converted to a disulfide-linked dimer of approxi- 
mately 110 kDa, and Is then secreted into the media 
(Figure 1C). While smaller amounts of monomeric OPG 
also are secreted, the predominant extracellular form of 
OPG is a disulfide-linked dimer. The monomeric and 
dimeric forms of OPG have been individually purified, 
and their N-terminal sequence has been determined 
(P. D., unpublished data). Both forms of OPG are cleaved 
during processing just before the glutamic acid residue 
at position 22 (Figure IB), giving rise to a SSOrresidue 
mature protein. Under reducing conditions, OPG mi- 
grates as an approximately 55 kDa protein, larger than 
the 40 kDa predicted size of the mature polypeptide 
chain (data not shown). Upon treatment of purified OPG 
with N-glycanase, it migrates on reducing gels with an 
Mr of about 40 (M. K. and P. D., unpublished data), 
indicating that OPG is a glycoprotein. Together with the 
structural data described above, this suggests that OPG 
functions outside the cell as a secreted molecule capa- 
ble of forming covalently bonded homodimers. 

Patterns of OPG Expression in Mouse Tissues 
opg transcripts of about 3.0 kb were detected by North- 
ern blot hybridization in a number of murine tissues, 
including liver, lung, heart, and kidney (Figure 2A). opg 
mRNA is also expressed at high levels in the stomach. 



intestines, skin, and calvaria (data not shown). In human 
tissues, a transcript of similar size is detected at highest 
levels in the lung, heart, kidney, and placenta (Figure 
2B), although there are detectable levels in various he- 
matopoietic and immune organs (data not shown). Dur- 
ing mouse embryonic development, opg transcripts are 
detected at high levels on day 7, whereas expression 
decreases at day 1 1 and then increases from day 1 5 to 
day 17 (Figure 2A). Since opg mRNA is expressed at 
relatively high levels in both mouse and human placenta, 
opg transcripts detected at day 7 may be due to the 
association of the placenta with the embryo at this de- 
velopmental stage. Interestingly, there is a strikingly dif- 
ferent pattern of OPG expression when comparing 
mouse and human tissues, most noticeably between 
brain, liver, and kidney. The reason for this is not clear, 
but it may reflect authentic differences in opg gene ex- 
pression patterns between these two species. Alterna- 
tively, the levels of opg mRNA may physiologically vary, 
an aspect of this novel molecule that wilPneed further 
study. Since OPG is a secreted protein, however/the 
site of Its expression does not necessarily predict the 
site(s) at which it exerts its biological functiori; : ' 

Detection of opg mRNA transcripts by in situ hybrid- 
ization in a day 15 mouse embryo is shown in Figure 
* " 2C. There is prominent- expression of opg transcripts 
within the cartilagenous primordia of developing bone, 
most noticeably in the maxilla, mandible, the hyoid bone. 



Cell 
312 




Figure 3. increased Bone Density in opg Transgenic Mice 
cart^age stains light blue, and marrow stains dark ^^^'^^^3' '" these, sections, bone stains deep' b Le or rfd 



the basiphenoid and basioccipital bones, the ribs and 
the vertebrae. High expression was also detectedVthe 
brachiocephalic artery and ductus arteriosus, the left 
mam bronchus, the abdominal aorta, and the midgt!t 

OPG Increases Bone Density In Vivo 
To gain insights into the potential biological function for 
OPG. transgenic mice were generated that express the 
rat opg cONA under the control of the human apolipo 
protein E gene promoterand its associated liver-spec^c 
enhancer (S.monet et al., 1993). This vector has^een 
previously used to generate mice containing high levels 
t^^"^ ^.o^f*" "^^'^«^-"'ation (Simonet e' ^ 
!S1 *'^°'^^'^^^«<^«t«''^«Wanyobservabte 
phenotype in mice overexpressing this protein should 
be tije result of interactions with its cognate ligand 
wheUier ,t is a soluble or a cell-surface protein Five 

tified by Southern blot analysis of ear DNA samples and 
were analyzed at 8-10 weeks of age. Four of thi five 
founders were found to express varying ^e^el of 
transgene mRNA in their livers (data not ^ownfrhe 
rat OPG monomer and dimer were easily detectable in 
liver extracts and serum of high expressing tranlgen ^ 
mice but not control mice. indicaUng the transgene 



product was successfully delivered to the systemic cir- 

""jTopc ""Published data). 

The OPG-expressing animals and their normal lit- 
termates had no differences in external appearance 
showT' °' Radiographs of inta« animars' 

innn h 9^"^^^"^^^ '"^rease in radiodensity of the 
111 ^^'^^brae, and pelvis characteristic of os! 

n rS" ^ Tl Despite this increase 

Z nlTTl u^'^ '^^^ "° abnormalities in tooth 
eruption which has been observed in other osteope 
t^otic mice (Yoshida et al.. 1990; Soriano et al igSv 
Wang et al.. 1992). Additionally, the relative siie and 
Sm'th 'r'" the expressors were notSrent 
from those of control mice. Upon gross dissection 
splenomegaly was the only abnormality foundTfte 
transgene expressors. Analysis of organ weights indi 
catedthatonly thespleens were increased (by~38%) in 

?,h^,T!?^:''*'"''*=^'^'^«^«*°*=°"t^o's- High expressors 
exhibrted clear signs of osteopetrosis by radiography 
immed^tely following birth, with increasing 2Sj 
throughout adolescence and adult life ^ 
Histological analysis of bone sections from OPG ex 
pressors (Figure 3, founder animals 11 and 17) show 

Ihrfl^"^"^^*^ *^^'^9« *e mid-diaphysis (rf 
the femur (Figure 3,-middle column), a location Jr^aDy 
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Figure 4. opg Transgenics Do (Mot Have a 
Defect in Monocyte-Macrophage Develop- 
ment but Appear to Have a Defect in Osteo- 
clast Formation 

Osteoclasts (arrows) In the distal femoral me- 
taphysis were identified by TRAP cytochem- 
istry. Many large multinucleated osteoclasts 
? were present on the surface of metaphyseal 
trabecular bone in normal mice (A), while in 
the opg transgenic mice (B) only a few small 
TRAP-positive cells (possibly inactive osteo- 
clasts) were seen in the same region. A carti- 
lage remnant Is marlted **c/ and its edge 
marlted by arrowheads (bar - 10 mjti). To 
confirm the preserKeof tissue macrophages, 
which share a common precursor with 
osteoclasts, immunohistochemistry was per- 
formed using anti-F480 antibodies, which 
recognize a cell-surface antigen on murine 
macrophages. The bottom'panels are photo- 
micrographs of spleens from either normal 
(C) or opg transgenic p). Numerous F480- 
positive cells (brown staining) are detected 
in both spleens (bar -100 yjm). This is in 
marked contrast to what is observed in the osteopetrotic Op mice, which exhibit a defect in monocyte-macrophage development and a 
corresponding decrease in F480-positive cells in their spleens (Yoshida etaL, 1990), suggesting that OPG is functioning to block osteoclast 
development at a more temninal step than the divergence of macrophage and osteoclast precursors. 



filled by hematopoietic elements. The severity of the os- 
teopetrosis correlated with the level of opg mRNA. In the 
highest expressors, a clearly defined cortex was not iden- 
tifiable in sections of the femur (Figure 3, right column). 
Sections of vertebrae also show osteopetrotic changes, 
implying that the OPG-induced skeletal changes were 
systemic. Von Kossa staining of nondecalcified bone 
sections showed that the increased bone/cartilage ma- 
trix was mineralized (data not shown). Coincident with 
the loss of the marrow cavities, the spleens from the 
OPG expressors had an increased amount of red pulp, 
likely resulting from compensatory hematopoiesis ow- 
ing to occlusion of marrow cavities with bone and carti- 
lage. In addition to this, the highest OPG expressors 
had foci of extramedullary hematopoiesis within the liver 
(data not shown). 

There were no other apparent gross pathologies in 
these mice, nor histologic abnormalities in the thymus, 
lymph nodes, gastrointestinal tract, pancreato-hepato- 
biliary tract, respiratory tract, reproductive system, gen- 
ito-urinary system, skin, nervous system, heart and 
aorta, breast, skeletal muscle, or fat. These observations 
underscore the apparent skeletal selectivity of transgen- 
ically expressed opg activity. 

The observed increase in bone density seen in opg 
transgenic mice could be due either to increased osteo- 
blast synthesis of bone matrix or, conversely, to de- 
creases in osteoclast-mediated bone resorption. The 
analysis of bone sections suggests that the latter pro- 
cess was affected. Based on H and E and tartrate-resis- 
tant acid phosphatase (TRAP) stains, the predominant 
difference in the expressors was the profound decrease 
in trabecular osteoclasts, both in the vertebrae and fe- 
murs (Figures 4A and 4B). This was particularly evident 
in the most severely affected animals. Similar to the 
severity of the osteopetrosis observed histologically, 
the magnitude of osteoclast deficiency correlated with 



the relative level of hepatic opgtransgene mRNA. Circu- 
lating levels of OPG in these founder mice were not 
determined. However, Fi transgenic progeny with ra- 
diographic and histological bone changes similar to 
founder mice 17 and 11 (Figure 3) had circulating OPG 
levels of 358 ± 79 and 14.2 ± 3.6 ng/ml (mean ± SD), 
respectively. Penetrance of the osteopetrotic phenotype 
was found to be 100% in mice with serum OPG levels 
greater than 10 ng/ml and varied in severity proportional 
to the level of systemic OPG. In contrast, OPG levels in 
the normal littermates were less than 2 ng/ml. (L. B., 
unpublished data). 

The residual marrow present as islands within the os- 
teosclerotic bone of high expressors showed predom- 
inantly myeloid elements. Megakaryocytes also were 
present at normal levels, tmmunohtstochemical staining 
of tissues for F480, a cell-surface antigen expressed 
by osteoclast precursors of the monocyte-macrophage 
lineage (Austyn and Gordon, 1981), showed the pres- 
ence of positive cells in the marrow spaces and flattened 
directly adjacent to trabecular bone surfaces (data not 
shown). All hematopoietic elements and F480-positive 
cells were present in red pulp of both control and OPG 
mice (Figures 4C and 4D). In contrast, F480-positive 
cells are virtually absent in Op mutant mice, which carry 
a defective csf-1 gene (Yoshida et al., 1990). The pres- 
ence of F480-positive cells in opg transgenic mice rules 
out a generalized decrease in osteoclast precursors as 
the basis for the effects of OPG and suggests that OPG 
might regulate the terminal stages of osteoclast differen- 
tiation. 



Recombinant OPG Blocks Osteoclastogenesis 
In VHro • 

To determine whether or- not OPG acts to regulate osteo- 
clast differentiation, its effects were tested in an in vitro 
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Figures. OPG Inhibits Osteoclastogenesrs 
In Vitro 

(A and B) Increasing concentrations of murine 
OPG [22-4011-Fc protein cause a dose- 
dependent decrease in the appearance of 
TRAP-posiUve osteoclasts (A) and TRAP ac- 
tivity (B) in osteoclast-fonning cultures using 
splenocytES from either transgenic mice or 
their normal littermates (for assay details, see 
Experimental Procedures). Large multinucle- 
ated cells stained purple are mature osteo- 
clasts. (B) shows the measurement of TRAP 
activity in treated cultures. Absorbance at 405 
nm (A405) of lysed cultures plotted against 
OPG concentration indicates the conversion 
of p-nitrophenyl phosphate into p-nitophenol 
in the presence of sodium tartrate. 
(C) Mapping the domain of OPG biological 
activity using the osteoclast-fonning assay. 
Various constructs were used to make murine 
and human OPG proteins of varying lengths. 
The construct length Oeft) and its relative bio- 
activity (right) are indicated. Bioactivity is ex- 
pressed as the range in protein concentration 
(ng/mO rendering half-maximal activity {ID»). 
OPG proteins thatare not active are indicated 
(N.A.). Note that truncation of the molecule 
proximal to cysteine residue 185, when fused 
to human Fc. led to a complete loss of biologi- 
cal activity. 
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osteoclast-forming assay (Lacey et al., 1995). This cul- 
ture system allows maturation of osteoclasts from he- 
matopoietic precursors that express multiple differenti- 
ation markers of the osteoclast lineage, most notably 
TRAP. Recombinant murine OPG fused to the human 
immunoglobulin IgG, Fc domain (murine.OPG [22-4011- 
Fc) was purified from CHO cell-conditioned media and 
subsequently tested in the osteoclast-fomiing assay. In 
the absence of exogenous OPG, spleen cells from both 



the OPG-expressingmice and controls contained osteo- 
clast precursors (Figure 5A), which confirms that there 
IS no intrinsic defect in osteoclast development in OPG 
mice. At 100 and TO ng/ml of the murine OPG, osteoclast 
formation from spleen cells of both control and OPG 
mice was completely inhibited (Figure 5A). The levels of 
TRAP were also inhibited in the presence of OPG, with 
an IDso of about 1 ng/ml (Figure 5B). The levels of TRAP 
activity in culture lysates appeared to con-elate with the 
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Figure 6. Recombinant OPG Administration 
Increases Bone Density in Normal Mice 
Four-week-old male B0F1 mice (n = 5 per 
group) received subcutaneous Injections of 
either vehicle (A and B), murine OPG [22- 
401]-Fc protein (10 mg/kg/day) (C and 0). or 
: the known antiresorptive pamldronate (5 mg/ 
^ kg/day) (E and F) for seven days. The left 
panels are photomicrographs of Von Kossa- 
stained frozen sections of the proximal tibial 
metaphysis. Mineralized bone matrix is 
stained t>lack In these micrographs, and 
shown is a similar visible increase in bone 
density in OPG-treated and pamidronate- 
treated mice relative to controls. Bone den- 
sity was measured in the region highlighted 
(enclosed rectangles) and found to be in- 
creased in OPG and pamidronate-treated 
mice about 2- to 3-fold (see text). The right 
panels are photomicrographs of decalcified 
Masson's trichrome-stained sections of the 
distal femoral metaphysis of vehicle-treated 
(B)» OPG-treated (D), or pamidronate-treated 
(F) mice. Development of a marbled appear- 
ance in the bone owing to cartilage retention 
in the OPG-treated (D) and pamidronate- 
treated (F) mice is similar to that seen in the 
high expressing founder 17 (see Figure 3). 
Bars in (A) and (B) indicate intervals of 1 mm 
and 100 (un, respectively. 



relative number of osteoclasts seen by TRAP cytochem- 
istry. 

Additional forms of the human and murine OPG mole- 
cules were tested to determine portions of the protein 
required for biological activity (Figure 5C). Truncation of 
OPG N-terminal to cysteine 185 inactivates this mole- 
cule, presumably by disrupting the SS3 disulfide bond 
of the TNFR-like domain 4 (see Figure IB). However, 
loss of the C-terminal portion of the molecule up to aa 
194 did not affect activity. Thus, the N-terminal portion 
of OPG containing the TNFR-like domain is necessary 
and sufficient to inhibit osteoclastogenesis. All active 
forms of OPG inhibit osteoclastogenesis in a dose- 
dependent manner and possess half-maximal activities 
in the range observed for other potent cytokines in their 
respective in vitro assays (Figure 5C). 

Recombinant OPG Increases Bone Density In Vivo 
The transgenic model of OPG expression suggests that 
increases in bone and cartilage are due to elevated 
levels of circulating OPG. To prove this, OPG was admin- 
istered to normal mice, and its effects on bone mass 
were measured and compared to the known antiresorp- 
tive bisphosphonate, pamidronate (Sietsema et al., 
1989). Young rapidly growing mice (4 weeks of age) 
were subcutaneously injected daily with murine OPG 
(22-401]-Fc protein (10 mg/kg/day) or pamidronate (5 
mg/kg/day). After 7 days, both the OPG and pamidro- 
nate recipients exhibited a marked increase in trabecu- 
lar bone In the area of the tibial metaphysis relative to 
controls (Figure 6). A similar activity has been reported 



for this and other bisphosphonates (Sietsema et al., 
1989). Based on histomorphometryof the proximal tibia! 
metaphysis (Figures 6A, 6C, and 6E), the OPG-treated 
mice had an approximately 3-fold increase in trabecular 
bone compared to controls (31.1% ± 4.1% versus 
1 2.0% ± 2.4%, respectively; mean ± SD, n = 5). which is 
highly significant (p < 0.0001). Pamidronate treatments 
also significantly Increased trabecular bone volume 
(22.9% ± 0.6% over controls, p < 0.001). Administration 
of recombinant OPG or pamidronate also increased 
bone density in the metaphysis of the distal femur (Fig- 
ures 6B, 6D, and 6F) and produced a pattern of cartilage 
retention within the bone trabeculae similar to that seen 
in transgenic founder 17 (Figure 3). In the OPG recipi- 
ents, the serum level of OPG 24 hr after the last injection 
was 320 ± 176 ng/ml, a level similar to the steady- 
state levels in transgenic mice with a severe phenotype. 
Collectively, these data indicate that OPG acts as an 
antiresorptive agent that negatively regulates osteoclast 
maturation and can lead to the excess accumulation of 
newly synthesized bone and cartilage in vivo. 

Recombinant OPG Protects Rats against 
Ovariectomy-Associated Bone Loss 
A key test of the biological activity of OPG is to demon- 
strate that It can protect against pathological decreases 
of bone volume associated with loss of estrogen in ovari- 
ectomlzed rats. The ovariectomized rat is a commonly 
used animal model of human postmenopausal bone loss 
that is mediated by Increased osteoclast activity (Chris- 
tiansen et al., 1980; Kalu et al., 1989). Fisher rats, aged 
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SHAM OVX OPG PAM 
OVX OVX 

Figure 7. Recombinant OPG Blocks Ovariectomy-lnduced Bone 
Loss in Fisher Rats 

Twelve-week-old Fisher rats were ovariectomized and treated for 
14 days with vehicle (OVX), murine OPG [22-401I-Fc protein (5 mg/ 
kg/day) (OVX OPG). orpamidronate (5mg/kg/day) (OVX PAM). Sham- 
operated animals were treated with vehicle (SHAM). Bone volume 
in the proximal tibial metaphysis was increased in OPG OVX rats 
relative to OVX (upper panel, asterisk means different to ovariecto- 
mized animals, p < 0.05). and a similar trend is apparent in the SHAM 
and PAM OVX groups. Osteoclast numbers in the distal femoral 
metaphysis were decreased in the OPG OVX and PAM OVX relative 
to OVX (lower panel, asterisk means different to ovariectomized 
animals, p < 0.05). 



12 weeks, were ovariectomized and after 4 days treated 
for 2 weeks with recombinant murine OPG [22-401]-Fc 
protein (5 mg/kg/day) or pamidronate (5 mg/kg/day). 
OPG-treated rats exhibited an increase in bone volume 
and a decrease in osteoclast numbers relative to con- 
trols (Figure 7). The known antiresorptive, i.e., pamidro- 
nate, had effects similar to OPG and those reported 
for Other bisphosphonates (Wronski et al., 1989). These 
data show that OPG can act as a protective agent 
against inappropriately high rates of osteoclast-medi- 
ated bone resorption, in addition to its effects in normal 
animals. 

Discussion 

OPG is a novel secreted member of the TNFR superfam- 
ily, which inhibits osteoclast maturation and protects 
bone from both normal osteoclast remodeling and ovari- 
ectomy-associated bone loss. This protein contains two 
characterized domains: the N-terminal half, which har- 
bors four.tandem .cysteine-rich TNFR motifs, and the 
C-terminal half, which is unrelated to any known protein 
sequences but appears to function in the association 
of OPG monomers as they are processed within the 
secretory pathway (W. J. B. and A. C, unpublished data). 
The TNFR superfamily consists primarily of transmem- 
brane proteins that elicit signal transduction in a variety 
of cells and are known, to mediate diverse biological 
responses, including cytotoxicity and apoptosis, and 



cell survival, proliferation, and differentiation (Smith et 
al., 1994). Soluble forms of these receptors have been 
Identified and are generated either by cleavage from the 
cell membrane or as secreted molecules encoded by 
alternatively spliced mRNAs (Kohno et al., 1990; Hughes 
and Crispe, 1995). The soluble forms of these receptors 
are likely to capture and. bind their cognate ligands 
thereby preventing the ligands from activating their cel- 
lular targets. Several members of the Pox family of vi- 
ruses express soluble TNF receptors, which aid in neu- 
tralizing the antiviral effects of TNFa (Smith et al 1994- 
Schreiber et al., 1996). Interestingly, the only form of 
OPG that we have isolated is a secreted protein. Based 
on our analysis, we have not detected any qualitatively 
altered transcripts capable of encoding a transmem- 
brane form of the protein. 

Systemic delivery of OPG via the expression of rat or 
munne opg transgenes in mice results in severe yet 
nonlethal osteopetrosis. The osteopetrotic phenotype 
caused by OPG overexpression differs significantly from 
those observed in other mouse osteopetrotic models 
whether generated by the disruption of specific genes 
{src or fos gene knockouts) or in naturally occurring 
mouse mutants (Marks, 1989; Yoshida et al., 1990) Os- 
teopetrosis is often lethal in those models, and bone 
formation, as well as tooth eruption, are abnormal, opg 
transgenic mice are, in contrast, of normal size, have 
no apparent defects in tooth eruption, and have normally 
shaped bones. Histologically, the opg transgenic mice 
have a marked reduction in trabecular osteoclasts but 
no deficiency of osteoclast precursors, suggesting a 
defect in the later stages of osteoclast differentiation. 
opg transgenic mice do not appear to have any defects 
in the normal development of osteoclast progenitor 
cells, since osteoclast-like cells develop readily from 
in vitro cultures of opg transgenic spleen cells. Taken 
together, these findings suggest that OPG, and perhaps 
Its ltgand{s) or receptor(s), naturally serve to regulate 
bone density by modulating osteoclast differentiation 
from hematopoietic precursors. 

Recombinant OPG protein inhibits osteoclast differ- 
entiation in a dose-dependent manner in an in vitro os- 
teoclast-forming assay. The N-terminal185 amino acids 
of OPG are required for activity, and truncations: that 
disrupt the predicted SS3 bond of domain 4 eliminate 
activity. This suggests that the TNFR-related portion of 
OPG, which resembles the ligand-binding domain of 
other related receptors, is sufficient for arresting osteo- 
clast maturation in vitro. One hypothesis for this activity 
IS that OPG is neutralizing a TNF-related protein that 
normally acts as an osteoclast maturation factor. There 
are no known members of the TNF family that appear 
to possess this activity, although TNFa can induce bone 
resorption (Bertolini et al., 1986) and increase osteoclast 
formation in vitro (Thomson et al., 1987). It is noteworthy 
that TNF-binding protein, which does neutralize TNFa 
activity, fails to inhibit osteoclastogenesis in vitro and 
does not induce the accumulation of bone and cartilage 
in normal mice (D. L L and H.-L. T., unpublished data) 
Alternatively, OPG may bind to a TNF-related protein 
that acts as a receptor, a plausible theory since a major- 
ity of TNF family members are transmembrane proteins. 
Several lines of evidence indicate that OPG may be 
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a key determinant regulating bone metabolism. First, 
overexpression in transgenic mice at a site distant to 
the bone results in a dramatic increase in bone density 
and inhibition of osteoclast maturation. The severity of 
the phenotype in the transgenics correlates with the 
levels of RN A expression In the liver and with circulating 
levels of protein. Second, OPG specifically Inhibits os- 
teoclastogenesis in vitro. Third, systemic administration 
of OPG produces an increase in bone density in the 
tibial metaphysis and blocks the loss of bone induced 
by ovariectomy. Fourth, in situ hybridization data indi- 
cate that the mouse gene Is expressed at high levels 
In the cartilaginous primordia of bones throughout the 
fetus. Lastly, the human gene is localized to chromo- 
some 8 q23-24, a region closely linked to the gene in- 
volved in hereditary multiple exocytoses (HME), a skele- 
tal disorder resulting in bone malformation and, in some 
instances, chondrosarcoma (Ahn et a!., 1 995). This same 
locus harbors the gene for the bone morphogen 
BMP-1 (T abas et al., 1991), a member of the TGFp super- 
family that has potent bone-forming activity in vivo, even 
in soft tissue sites away from bone. Thisraiseis the possi- 
bility that this region of chromosome 8 may harbor a 
gene cluster involved in the regulation of bone develop- 
ment and metabolism. 

In summary, a novel member of the TIMF receptor 
family has been identified, and its biological function 
deduced. Unlike other members of this family, Osteopro- 
tegerin appears to function as a secreted protein. In 
addition, a novel gain-of-f unction model for nonlethal 
osteopetrosis has been generated by transgenic overex- 
pression of OPG in mice. The phenotype of this model 
differs significantly from models generated by the tar- 
geted mutagenesis of the src and fos genes, and from 
naturally occurring mutant mouse strains, such as the 
Op mouse (CSF-1 disruption). Our analysis suggests 
that a step in osteoclast differentiation is Impacted by 
OPG in vitro. Therefore, we propose that OPG is a se- 
creted regulator of bone density that can act locally and 
systemically by negatively regulating osteoclast matura- 
tion. Our initial findings imply a utility for OPG in the 
treatment of osteopenic disorders that are characterized 
by excessive osteoclast activity, such as primary osteo- 
porosis, Paget's disease of the bone, hypercalcemia of 
malignancy, and osteolytic metastases. 

Experimental Pfx>cedures 
Computational Biology 

A cDNA library was constructed using mRN A isolated from rat em- 
bryonic d20 intestine for EST analysis (Adams et al, 1991). The 
resulting 5' nucleotide sequence obtained from individual clones 
was translated and compared with the existing database of known 
protein sequences using a modified version of the FASTA program 
(Pearson. 1990). Analyses for the presence of specific protein motifs 
were carried out using a modified sequence profile (Luthy et al., 
1994). 

A full-length opg cDNA clone containing a 2.4 kb insert (pBI.1) 
was Isolated from a fetal rat intestine cDNA library by colony hybrid- 
ization and sequenced. The mouse and human homologs of the rat 
op9cONA were isolated from either mouse or human normal kidney 
• cONA libraries (Clontech. Palo Alto. CA) by PCR amplification and 
colony 'hybridization, then sequenced. A human DNA clone was 
obtained from a genomic PI library (Genome Systems Inc., St. Louis, 
MO) by plaque hybridization with a labeled human opg cOHA probe 



and was used in fluorescence in situ hybridization (FISH) analysis to 
determine its chromosomal localization in metaphasechromosomes 
as described (Heng et al., 1992). 

Expression and Analysis of Recombinant OPG Protein 
Mouse and human OPG-Fc fusion protein vectors were constructed 
by PCR as previously descrit}ed (Bym et al., 1 990) with minor modifi- 
cations. The fufNenjgth opg reading frame was PCR amplified, then 
linked to glutamic acid residue 21 1 of the human IgGi Fc region 
through an artificial NotI adapter, creating the following junction 
sequence: KISCLAAAEPKSCD. 

Variants of the human and mouse full-length OPG-Fc fusion pro- 
teins were constructed by PCR amplifying the OPG regions encod- 
ing residues 1-201 (human), 1-194 (mouse), 1-185 (mouse), and 
1-180 (mouse), then fused to Fc as described above. The OPG-Fc 
chimeric sequences were then cloned into the plasmid vector 
pCEP4 Onvitrogen, San Diego, CA). The parent pCEP4 and pCEP4 
OPG-Fc vectors were lipofected into 293-EBNA-1 cells Onvitrogen, 
San Diego. CA) and selected in 100 p^/ml hygromycin using the 
manufacturer's recommended methods. Serum-free media was pro- 
duced, and the OPG-Fc fusion proteins were purified by protein 
A/G-affinity chromatography (Ey et al., 1978). The mouse and human 
opg cDNAs were also cloned into the eukaryotic expression vector 
pDSRa and expressed in stably transfomied CHO cell lines as pre- 
viously described (DeCleric et al., 1991). The purification of native 
recombinant OPG from CHO cell-conditioned media will be de- 
scribed in another publication (M. K. and E. O.. unpublished data). 

Rabbit polyclonal antibodies were raised to purified murine OPG 
[22-401 ]-Fc fusion protein by sut>cutaneous injection of antigen 
emulsified in adjuvant then affinity purified. A CHO cell tine overex- 
pressing the murine OPG protein was metatK)lically labeled and 
immunopreci pita ted as previously descrit)ed (Boyle etal.. 1991). In 
brief, subconfiuent cultures were pulse-labeled with approximately 
1.0 mCi/ml of P*Sl-Translabel (ICN, Irvine, CA) for 30 min, then 
chased with complete media for the indicated time interval. The 
conditioned media was removed and made 1% in NP-40 (v/v), and 
the cell monolayers were lysed with RlPA buffer. Both the media 
and cell tysates were clarified, then immunoprecipitated. Western 
blots of conditioned media and mouse serum samples were per- 
formed as previously described (Kamps and Sefton. 1988). The blots 
were probed with anti-OPG antibodies (0.1 fig/ml), and immune 
complexes detected by enhanced chemi luminescence (Amersham) 
after exposure to Kodak X-ray film. 

mRNA Analysis 

Northern blots of either total or poly(A)* mRNA were prepared as 
described (Jahner and Hunter, 1991) or purchased from a commer- 
cial source (MTN's. Clonetech. Palo Alto, CA). All blots were probed 
under stringent conditions with a "P-dCTP-labeled rat, mouse, or 
human opg ONA probe as indicated. These blots were subsequentiy 
probed with the mouse gapdh cDNA to verify the integrity of the 
blotted mRNA. Northern blot analysis was ^Iso performed on 
founder liver tissue RNA to assess the expression of the rat opg 
transgene. 

In situ hybridization was performed on mouse embryos fixed in 
4% paraformaldehyde. Antisense and sense RNA probes to murine 
OPG (bp 803-1000) were transcribed using viral RNA polymerases 
in the presence of pSJUTP from a PCR-generated template con- 
taining the T7 promoter. Embryo sections were hybridized with the 
appropriate probe, then covered with emulsion and exposed 2-3 
weeks at 15X. The slides were counter stained with methyl green 
prior to ()hotography. 

Generation of opg Transgenic Mice 

The coding region for either the rat or rhurine opg cDNA was sub- 
cloned free of mutations into an expression vector pladng it under 
the control of the human ApoE promoter and liver-specific enhancer 
element (Simonet et al., 1994), For microinjection, the ApoE-OPG 
plasmid was purified, and the transgene insert isolated. Single-cell 
embryos from BDF1 mice were injected essentially as described 
(Brinster et al.. 1985) and cultured overnight in a COi incubator. 
' Fifteen to twenty 2-cell embryos were transferred to the oviducts 
of pseudopregnant CD1 female mice. Transgenic offspring were 
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identified by screening for the ApoE-opglransgene in DNA prepared 
from ear biopsies as described (Simonet et a!., 1994). 

Necroscopy and Pathofogical Analysis 

At 8-10 weeks of age. 5 transgenic founder and 5 control animals 
were necropsied. Radiography was performed prior to the gross 
dissection. Bone tissue was decalcified using a fomiic add solution 
and all sections were stained with H and E. In addition, staining with 
Gomon's reticulin and Masson's trichrome was performedon certain 
tissues. To assess the status of matrix mineralization, frozen sec- 
tions of nondecalcified bone were stained using the Von Kossa 
method. Using this method, the mineralized matrix is black, while 
other tissues stain red. Enzyme histochemistry was performed to 
detemiine the expression of TRAP. Immunohistochemistry for the 
monocyte-macrophage F480 surface antigen was also performed 
on formalin-fixed paraffin-embedded 4 tim sections using the rat 
monoclonal anti-mouse F480 antibody (Harlan. Indianapolis. IN) The 
antibody was detected by biotinylated rabbit anti-rat immunoglobu- 
nns and peroxidase-conjugated strepa vidin (BioGenex. San Ramon 
CA), using DAB as the chromagen (BioTek. Santa Barbara. CM 
Immunohistochemistry sections were counterstained with hema- 
toxylin. 

In Vitro Osteoclast-Forming Assay 

A cell-culture system allowing osteoclast development from hema- 
topoietic precursor cells was used to analyze the effects of recombi- 
nant OPG (Udagawa et al., 1989; Lacey et al, 1995). Spleen cells 
were cultured in vitro overnight in alpha MEM containing 10% heat- 
inactivated fetal bovine serum supplemented with 500 U/ml CSF-1 
After this incubation, the nonadherent cells were collected, sub- 
jected to gradient purification, and then cocultured with the' bone 
marrow stromal cell line ST2 at a ratio of 1 x io= ST2 cells to 
1X10^ nonadherent spleen cells/ml of media supplemented with 
dexamethasone (100 nM) and 1,25 dihydroxyvitamin D3 (10 nM) 
Prostaglandin E, (250 nM) was added to some cultures to enhance 
osteoclast formation (l^ceyetal.. 1995), Cocultures were incubated 
. • for 8-10 days. New media containing fresh supplements was added 
every 3-4 days. Osteoclast formation was measured by quantitating 
the presence of TRAP using eitiier cytochemical staining or by a 
TRAP-solution assay (Lacey et al.. 1995). In tiie TRAP-soIution 
assay, enzyme activity/well was measured by the conversion of 
p-nitrophenylphosphate (20 nM) to p-nitrophenol in the presence of 
80 mM sodium tartrate and was expressed as optical density at 405 
nm. To some cultures, recombinant OPG proteins were added at 
concentrations ranging from 0.001 ng/ml to 100 ng/ml during tiie 
coculture of nonadherent cells witi, ST2 cells. The half-maximal 
mhibitoiy dose (ng/ml) for OPG recombinant proteins {\0^ was ob- 
tained semiquantitative^ by extrapolating from tiie dose-response 
curves generated from OPG-treated cultures. 

In Vivo Response to Recombinant OPG 

Male BDF1 mice (Charles River. Wilmington. MA) aged 4 weeks 
were injected daily subcutaneously with recombinant murine OPG 
[22-4011-Fc fusion protein (10 mg/kg in phosphate-buffered saline) 
5 mg/kg pamidronate CAredia.- Ciba-Geigy, Tarrytown. NY), or ear- 
ner alone for 7 days (5 mice/group). On the day following tiie last 
injection, tfie mice were killed, blood was taken for tiie determination 
of arculating OPG levels, and tfie right tibia and femur were re- 
. moved. Thetibiaewerefrozen witiioutdecalcificatioaandlongitudi- 
nal frozen sections cut tiirough the midregion of tiie proximal me- 
taphysis, using tiie fibula junction as a landmark. The sections were 
stained by Von Kossa stain to demonstrate mineralized bone and 
cartilage. Bone density was determined in a region 1 x l 5 mm 
midway between tiie cortices adjacent to tiie edge of tiie growvtii 
plate by automated image analysis (Metamorph. Universal Imaqinq 
Systems. West Chester. PA). The femurs were decalcified and pro 
cessed as described above. 

Ovariectomized (n = 22) or sham-operated (n = 10) 12-week-old 
. Fisher rats (Charies River, Wilmington, MA) were treated for 14 days 
witti subcutaneous recombinant murine OPG l22-401i-Fc fusion 
f^otein in phosphate-buffered saline (5 mg/kg/day) or pamidronate 
as mg/kg/day). n = 6 per group. Sham-operated and 10 ovariecto- 
mized rats were ti^eated with vehicle. The day following tiie last 



injection, rats were eutiianized. and tfie right tibia and femur re- 
moved. Bone density was determined in frozen sections of tfie distal 
tibial metaphysis as described above. The femur was decalcified in 
fomiic acid, dehydrated, mounted, and stained witfi hematoxylin 
and eosin. Osteoclast numbers were determined in a region 1X06 
mm proximal to ttie growtfi plate in ttie distal femoral metaphysis 
Osteoclasts were identified microscopically based upon morphol-' 
ogy and enumerated relative to bone perimeter witii tfie aid of a 
digitizing platen and camera lucida. Measurements were analysed 
using Osteomeasure software (Qsteometiics, Atianta, GA) Statisti- 
cal significance of results was evaluated by Dunnett's test to correct 
for multiple comparisons (JMP Statistical Software. SAS Institute, 
Gary, NC). 
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Summary 

Tumor necrosis factor (TNF) initiates its multiple effects on cell function by binding 
at a high affinity to specific cell surface receptors. Two different molecular species 
of these receptors, which are expressed difrcrcniially in different cells, have been 
identified. The cDNAs of both receptors have recently been cloned. Antibodies lo 
one of these receptor species (the p55. type I receptor) can trigger a variety of TNF 
like effects by cross-linking of the receptor molecules. Thus, it is not TNF itself but 
its receptors that provide the signal for the response to this cytokine. The intracellular 
domains of the two receptors differ in structure, suggesting that they mediate different 
activities. Their extracellular domains, however, are structurally related. Both contain 
cysleine-rich repeats which arc homologous to repeated structures found in the 
extracellular domains of the nerve growth factor receptor and the CDw40 protein. 
Truncated soluble forms of the two receptors, corresponding lo these cysteine-rich 
repealed structures, have been detected in human urine and were later found to be 
present also in the serum. The serum levels of those soluble TNF receptors increase 
dramatically in certain pathological situations. Release of the soluble receptors from 
the cells seems to occur by proteolytic cleavage of the cell surface forms and appears 
to be a way of down-regulating the cell response to TNF. Because of their ability 
to bind TNF, the soluble receptors cxerl an inhibitory effect on TNF function, and 
may thus act as physiological attenuators of its activity. 

Tumor necrosis factor (TNF), a polypeptide cytokine, produced 
primarily by mononuclear phagocytes, exerts efifects on cell function 
which are involved in immune defense against a variety of different 
pathogenic agents. In certain diseases, however, TNF may itself 
become pathogenic. It is this later function of TNF that has attracted 
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Although its existence has already been known for quite some time 
(Granger and Kolb, 1968; Ruddle and Waksman, 1968; Carswell et 
. hi ,QB. xi' ^'^^ ™^ isolated (Aggarwal 

1985). Information on the molecular basis for its function is therefore 
still limited. Shortly after its isolation it was shown in a number of 
laboratones that TNF binds with high affinity to specific receptors, 

^osf" V f °f ^=^1^ (^^^^^ et al., 1985; Beutle; 

^ '985a; Kull et al., 1985; Tsujimoto et al., 1985- Agearwal et 

a , 1986;IsraeletaU986).OnthebasisofthisfindingiVco^^^^^^^^ 
be surmised that TNF was not, as previously suspected, a "killer- 
molecule having an intrinsic toxic activity, but a cytokine, and that 

thTnr T.. "'^'^'^J'"^'^''' it is not TNF itself but its receptors 
that provide the signal for the cellular response. It took several more 

fo 1; T""'' ''"^P'^'' ^° ''°'^ted, which made it possible 
to obtam formal evidence for this notion and to approach the study 
of the intracellular signals triggered by the receptors. As in the 
punfication of TNF itself the isolation of its receptors was hampe ed 
by the low abundancy of these molecules. Although these receptors 
are present in almost all cells, their amounts are very low, usuaSyl 
the range of a few thousands of molecules per cell. Even more limitfng 
however, were difficulties arising out of the fact that these pSs 
are membrane-associated. Because of certain characteristics of the 

^mh^n^f" '""f^' '5' ^"^P'^y^^ the isolation of 

membranous proteins from detergent extracts of cells were not easily 
apphcable here. Since these receptors exist in nature also in soluble 

"oS St^nlTmTaZs™- ^ ^ ^ - 

'^'sllTr 'fT-oTNF-Binding Proteins Presem in Human Urine 
Heptols ''^ ^""/^^^ ™P 

^'IT^h' ^?''''' ^^"^ P'-°*^i"« °f »»"™an urine exert 

a marked inhibitory effect on the in vitro function of TNF. Attempts 
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ni, to identify the proteins having this activity led to the successive 

isolation of two minor urinary proteins with TNF binding activity, 
ne These TNF-binding proteins (which we termed TBPI and TBPII) 

et are similar in size (about 30,000) yet distinct immunologically 

/al (Engelmann et al., 1989, 1990a,b; Olsson et al., 1989; Seckinger et 

il., al., 1989). ; 

)re Antibodies against both proteins inhibited the binding of TNF to 

of cells. However their respective inhibitory capacities varied with the 

rs, kind of cell examined (Engelmann et al., 1990a). This finding 

ler suggested that TBPI and TBPII cross-react immunologically with 

et cell surface TNF receptors (TNF-Rs) of two different molecular 

dy species, which are expressed differentially in different cells. Indeed, 

:r" further examination revealed that antibodies against TBPI immuno- 

lat precipitate a TNF-R of Mr 550000 (the type I or p55 receptor) from 

)rs cell extracts, while antibodies to TBPII iramunoprecipitate a recep- 

)re tor of Mr around 75000 (the type II or p75 receptor) (Engelmann et 

o\t al., 1990b). The structural relationships between the two soluble 

dy TNF-binding proteins and their respective receptors were fully 

:he clarified after cloning of the cDNAs for the receptors (Loetscher et 

•ed al., 1990; Schall et aL, 1990; Nophar et al., 1990; Smith et al., 1990; 

3rs Heller et al., 1990; Kohno et aL, 1990). In some of the studied that 

in led to the cloning, it was the knowledge of this structural relation- 

ag, ship and of the structure of the soluble proteins which provided the 

ins basis for the cloning approach. Examination of the amino acid 

the sequences in the receptors, disclosed by the cloning of their cDNAs, 

of revealed that they contain sequences found in the soluble proteins, 

iily Recently we determined the full sequence of amino acids in one of 

ble the two TNF-binding proteins (TBPI) and found it to be completely 

ton matched by the sequence of amino acids in the extracellular domain 

the of the inununologically cross reacting cell surface receptor (the type 

I, p55 receptor). Although the extracellular domains of the two 
TNF-Rs have non-identical amino acid sequences, as would be 
expected from their failure to cross-react immunologically, their 
structure is highly homologous. Both contain conserved cysteine- 
rich repeat structures which extend over almost their entire length. 
The extracellular domains of two other known receptors - the 
:ert receptor for the nerve growth factor and the B-cell-activating 

.pts antigen, CDw40 - also contain this conserved repetitive structure. 
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SLh'^nrlr"'? ufP''' '''""'^'"^^^ '^''^^ ^^ost the whole 
et al riS' " --d--'^ TNF binding proteins (Nophar 

of Antibodies Against the Extracellular Domains of the TNF-Rs 
to Explore Their Mode of Action i 

itnkTnf'/ ^^,*=^P'°'-™ediated effects can be mimicked by cross- 

SSetV lTgS ^ '^""^'^ (Engelmann et al, 1990b; 

duHo their aW i!!?" ^^^''^^'^ no 

wto that o™ a''"'''"' '° ' ""'^"'^ identical 
r« K 5 ^ comparative study of the abihty of various 

There is still no information on the nature nf th^ k.v.^u • i 
staa. Which ,h. TNF-Rs provid.. RapS tad^^^^^'o^j' 

4 !J u u " <° Wrality of such simals 

type 1 INF-R molecules (Nophar et al., 1990) the seauencp nf 

Z":^':^^^' ^^^^ wSTca;' 

activi?v . ^^--^P^^^ 'P^^ possesses intrinsic kinase 

neS 'JhaTrr ^ '-"•-^•"^nt of additional cellular compo- 
?inr. f£! ^ ^^^''^^^ted proteins, in providing the signals 

Since there ,s no apparent structural similarity between the intSS ' 

are differences m the signals which they provide as well as in their 

t5The-e"t'fh tw?receptors\:fLn spe^fit 

lo me extent that the receptors themselves are. 
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yhQle Physiological Significance of the Soluble Forms of the TNF-Rs 
)phar 

Does the interaction of TNF with the soluble TNF-Rs significantly 
affect the in vivo function of this cytokine as it does in vitrol 
Evaluation of the physiological significance of an extracellular factor 

^'^^ can be achieved only by studies carried out at the lev^l of the whole 

organism, and therefore presents far greater difficulties than an 

j-oss- evaluation of the function of a cell-associated component such as the 

arac- cell surface TNF-Rs. Our present notions of the in vivo function of 

t the the soluble TNF-Rs can be based only on indirect information, such 

)90b- as knowledge of the kinds of situations in which the formation of 

5 not these proteins occur and the nature of the mechanisms involved in 

itical this process. 

rious ELISA tests for the determination of the serum levels of the two 

jndi- soluble TNF-Rs have revealed that both proteins are present in 

1^ the normal sera, though in low amounts, and that their serum levels 

rated increase dramatically in certain pathological states. The range of 

jyjde diseases in which such an increase occurs is very wide and includes 

that numerous autoimmune diseases, infectious diseases and other in- 

n by flammatory processes. Interestingly, both types of soluble receptors 

t the are increased also in the sera of patients with solid tumors or 

ypQi5 hematological malignancies. The incidence of such increase in cancer 

patients is rather high, exceeding even the incidence of increase of 

jnical the carcinoembryonic antigen, one of the most widely used diagnos- 

,ryia- tic parameters for cancer (Aderka et al., 1991). At least part of this 

»ated increase may reflect shedding of the TNF-Rs by the tumor cells 

rnals. themselves. Indeed, we found continuous production of the soluble 

h the TNF-Rs in culture by cells of various tumor-derived Unes. In normal 

3e of cells, however, formation of the soluble TNF-Rs seems to be largely 

licate dependent on stimulation of the cells. The rapidity with which this 

inase process occurs in response to certain stimuli, as well as the absence 

jxipo- of any detectable amounts of soluble TNF-Rs within cells, suggests 

yjials. that it reflects cleavage of the existing cell surface receptors, not de 

racel- ^<>^o formation of the soluble receptors, by a mechanism indepen- 

tbere dent of the formation of the membranous forms (Porteu and 

their Nathan, 1990, Lantz et al., 1990). Consistently, it was found that in 

jcific, CHO cells transfected with cDNA for the type I TNF-R, the cDNA 

encodes both the cell surface and the soluble forms of the receptor 
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(Nophar et al 1990). Activation of such a process of cleavage may 

isDorSe to TNF^ ' ""'^'Tu ' '""'^^ ^^8"'^*'°" ^^e 

TNF . 'T' ^'^ pathological situations in which 

TNF may cause harm thts process seems to occur at an increased 
rate as reflected in significantly increased levels of soluble TNF-Rs 

Me-'Z °! "'t"'' Z''^ '^^ concentrations of 

soluble receptors obtamed in such cases are high enough to exert an 

'^JT: t":,'" ™^ (unpublislxei dS It 

factor in the « mvo response to TNF in these cases, and whether it 

Ness Ziona, Israel, as well as by grant from the National Council for Research and 
Development, Israel, and fhc German Cancer Rcseaixh anter 
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Osteoclastogenesis inhibitory factor (OCIF) is a hepa- 
rin-binding secretory glycoprotein that belongs to the 
tumor necrosis factor receptor (TNFR) family. OCIF is 
present both as a —GO-kDa monomer and a disidfide- 
linked homodimer. We attempted to characterize the 
seven structural domains of OCIF by determining the 
capabilities of various OCIF mutants to inhibit oste- 
oclastogenesis, to interact with heparin, and to form 
dimers. We also examined a potential of domains 5 and 6, 
death domain homologous regions (DDHs), for inducing 
cell death by expressing OCIF/Fas fusion proteins. Oiu: 
results show that: (i) the N-terminal portion of OCIF 
containing domains 1-4, which have structtiral similar- 
ity to the extracellular domains of the TNFR family pro- 
teins, is sufRcient to inhibit osteoclastogenesis; (ii) a 
heparin-binding site is located in domain 7, and afSnity 
for heparin does not correlate with the inhibitory activ- 
ity; (iii) Cys-400 in domain 7 is the residue responsible 
for dimer formation; and (iv) the C-terminal portion con- 
taining domains 5 and 6, DDHs, has a high potential for 
mediating a cytotoxic signal when it is expressed in cells 
as an OCIF/Fas fusion protein in which the transmem- 
brane region of Fas is inserted in front of DDHs. 



In the vertebrate, homeostasis and remodeling of bone are by 
strictly controlled by mostly unrevealed mechanisms. Much 
effort has been made to clarify the mechanisms, and several 
protein factors were found to participate in bone homeostasis 
(1-3). Recently, we have isolated one such factor termed oste- 
oclastogenesis inhibitory factor (OCIF)^ from the conditioned 
medium of human embryonic lung fibroblasts, IMR-90 (4). Both 
a -^eO-kDa monomer and a disulfide-linked homodimer are 
present in the conditioned medium, and the two forms have 
similar specific activity in inhibition of osteoclast formation in 
vitro (4). However, the mechanism by which OCIF inhibits 
osteoclastogenesis is not yet known. 



* The costs of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby marked 
^^advertisement in accordance with 18 U.S.C. Section 1734 solely to 
indicate this fact, 
t These authors contributed equally to this work. 
§To whom correspondence should be addressed: Tel.: 81-285-52- 
1332; Fax: 81-285-53-1314; E-mail: f(rbd7042@mb. infoweb.or.jp. 

^The abbreviations used are: OCIF, osteoclastogenesis inhibitory 
factor; TNF, tumor necrosis factor; TNFR, tumor necrosis factor recep- 
tor; DDH, death domain homologous region; TRAP, tartaric-resistant 
. acid phosphatase; CHAPS, 3-((3-cholamidopropyl)-dimethylammomoJ- 
1-propanesulfonate; PGR, polymerase chain reaction; EUSA, enzyme- 
linked immunosorbent assay; HRP, horseradish peroxidase; FBS, fetal 
bovine serum; PBS, phosphate-buffered saline; IMDM, Iscove's modi- 
^ fied Dulbecco's medium; FPLC, fast protein liquid chromatography; 
,;X-gal, , . 5-bromo-4;chloro-3-indolyI ^-D-galactopyranoside; ,bp, > base ' 
. pair(s); kb, kilobase pair(s). ^ . 



Based on the partial amino acid sequence, cDNA for human 
OCIF was molecularly cloned. The amino acid sequence de- 
duced fi-om the nucleotide sequence of OCIF cDNA predicted 
that it consists of 401 amino acid residues, including a putative 
21-amino acid residue signal sequence (5). The nucleotide se- 
quence analysis has revealed that OCIF is identical to osteo- 
protegerin (6). OCIF has seven major domains (domains 1-7) 
and has overall similarity to proteins of the tumor necrosis 
factor receptor (TNFR) family, although OCIF lacks an appar- 
ent transmembrane region (5, 6). Domains^ 1-4 are"crysteine- 
rich structures with a characteristic of extracellular domains of 
the TNFR family. proteins. Domains 5 and 6 share structural 
features vdth "death domains" of TNFR 1, Fas, DR 3 (also 
designated as Apo 3, Wsl 1, and TRAMP), the TRAIL receptor, 
and the several recently identified cytoplasmic proteins medi- 
ating apoptosis (5, 7-17). However, unlike previously charac- 
terized death domains, two death domain homologous regions 
(DDHs), domains 5 and 6 of OCIF, exist in extracellular envi- 
ronments, because OCIF is secreted into conditioned mediiim. 
Domain 7, which does not resemble any protein motifs charac- 
terized thus far, consists of 50 amino acid residues and has a 
relatively high net positive charge; it contains eight , basic 
amino acid residues (Lys and Arg) and only one acidic residue 
(Glu). 

To determine which residue(s) or domain(s) is/are involved in 
the in vitro biological activity, binding to heparin, and dimer 
formation, we generated and characterized various mutants of 
OCIF. We also examined the potential of domains 5 and 6 for 
mediating cell death by overexpressing chimeric proteins in 
which portions containing the transmembrane domain derived 
firom Fas were inserted into OCIF. 

EXPERIMENTAL PROCEDURES 

Bacterial Strain, Cell Lines, and Culture — Escherichia coli DH5a 
(Life Technologies, Inc.) was used to propagate and amplify plasmids. 
293-EBNA (CLONTECH), a human fetal kidney cell line, was grown in 
Iscove*s modified Dulbecco*s medium (IMDM) containing 10% fetal bo- 
vine serum (FBS) and 250 ^ig/ml geneticin (Sigma). A mouse bone 
marrow-derived stromal cell line, ST2 (Riken Cell Bank RCB0224, 
Japan) was grown in minimum essential medium-a containing 10% 
FBS. . — .. i 

Construction of Plasmids and Expression of Mutants of OCIF— Msm- 
malian expression plasmid pCEP4 (CLONTECH) was used for expres- 
sion of OCIF mutants, Fas, and OCIF-Fas chimeric proteins. Full- 
length OCIF cDNA was subcloned into the Xhol and BamUI sites of 
pCEP4 to yield pCEP4-0CIF in which the cDNAis expressed under the 
control of the cytomegalovirus promoter. Human Fas cDNA (18) was 
amplified by PCR using Ex Taq polymerase (Takara Shuzo) and prim- 
ers 6'-TCTTTCACTTCGGAGGATTG-3' (sense) and 5'-TCTAGAC- 
CAAGCTTTGGATTTC-S' (antisense). A human' activated T cell cDNA 
library (CLONTECH) was used as a template for the PGR. Mutageniesis 
'and genetic fusions were performed, according to a method called, **re- 
combinant pblyinerase chain reaction" (19). To geiierate the "expression 
vector for OCIF mutants, DNA fragnients amplified by PGR* were di- 
gested with appropriate restriction enzyines (DNA'fi^gmehts for ADl, 
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C400S hySpLBt^En &n7U<tf,,2^^^^ NdeVBstEIl; ACL and 
OCIFcDNAinpCEploCIF -^eX^ "^"^ 

generate pCEptoC^Kf^.? 1 ^''^^ in pCEP4-0CIF to 
PCR with prir^ 5^ A^^?," "^^"^ ''^ ^P"fi«l by 

fragment, and an --ll-kbJRinT/<?nAT A. ^® -SSO-bp 

ligated. To construct pSSSr/er a "^^'-^^^ 
"^ domains 5 to 7 was deleted from SeP4 m S h?"""^ k"""^" 
PGR (19) MutaHnnc ^'"ip^^r.r^ 1 by recombinant 

on 24-weU plates at a ceU density of~2 X loK j^^ '"tP 
well were transfected vnthT I^Lu each 
the foUowin, ^^^^Tu^r^^^^Z^S^ZTr 

: With PCEP4-4S^7 were^;^!^ ^tTj""" ^"^ "^fected 

OCirai^tiCy w^^J^LT"^'*^ ^* P-^'^" OCIF. Anti- 
G-SepharosT^^hlmadrtiot^r, ""7^ "^'"^ P^^i" 

anti-OCIF antiS^as crlo^H ^"^^^^.^'^'^hperoxidase-labeled 
dase kit (PierT) "^"^ ^ maleimide-activated perx.xi- 

activity\3e:^4^a~L^^^^^^^^ ™ 
ing for 1 week in the presence of 10 n^ 1 2^- w cells after cultivat- 

100 nM dexamethasone ^ZmiZ^J;^^'^'^^^ '^'^ 

OCIF mutants as descnb~XT4^~etrr''"'^°'" 

m absorbance at 405 nm as LcribTpitioX? " """'"^ 

polyclonal anV^y ix^S^ ^'^1^' u^g^bbit anti-OCIF 
macia). The condi^ne^mS^l^o'^J^?^"'''^^?^ (P'^"" 
at a flow rate of 0 5 nJ/mTn aT 2-^ f ^ ^PP''^ column 
50 mM Tris-HCl b^SWVl^' T"^ ""'"^ ^* 21.5 ml of 
(Sigma) snd^£SZX^i%''^h''J'^'^r'' " ''^ ^^^^ 
CHAPS, proteins werTZt^^ J^K V " "°t«i°i°g 0.1% 

gradient, from 0 to 2 ^iSa It « 7^ ^"^ « '^-^ 

containing AD567 (-10 " ""^ Fractions 

tricon 10 oGSS «»ncentrated and desal.ted.using Cen- 

Heparin.Seph.rose Chromatogmphy-T^ aflmity of wild-^ype 
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SpTe^^";ript™S^r^^^^ - 

containing each OCIF mutantTrail^ ^ r ,""^"'" 

with50mMTri3-HCl(pH7SL:::ig'o1^^C^T ^f'''^ 
developed with a 40-min linear <rraH;<>.rf f n / , ^® ~^"™> was 

tion buffer at a flowTte of 1 o^min .""i " ^ ^l""'''"- 
collected. The concentration of L T'* '^ '^'"'"^ ^^^e 
mined by ELISA e^S Ibi Z^CIP 

Westem BloUine-Prct/i.^ anti-OCIF polyclonal antibody. 

gel (10 or laSTleoSrXrill'^t'^,"^''''-'^^^^^ 
marker. (Bio.Rad)w^Srstil i:i':'^ -«eht 
ProBlott (Perkin-Ehner Co™ l^J^l ""to 
Rad). OCIF or OOTmuS^we^HT'^'^*'"*"'''""*^®!''- 

dase (HRP)^nJugat^S I^tT.OOT^JS-^Zf ' T^" 
membrane was exposed to x fii-^T .P"'^™'^ antibody, and the 

cence system (EcHmei^hrCoS^ """^ "^'^ chemUumines- 

poslSor.:2CST2el^T r ^i^*^ ^ 

scriptase-PCR was wS J^t^^f ' '^^^^ 

tem (Life TechnoloJT C) uslL^ 1 r l"''' P'-^^PUScation sys- 
the Inverse trans^^s^^^^R fJ^" ^^^rs for 

sense^. The primers wer« designed to aSfyalSZ^ 
spondmg to the putative sicnS nonHHT^^i^ fragment corre- 

fectAMINE. Twenty hours after fr»r. J *• "^"^ Lipo- 

glutaraldehyde W^°Zw^inT^T' ^"'^ '""^"^ 
the cells Jce wU^MO V^fT^l'^'^K*^^^ After washing 
conjugated anti-OCIF Zvclo2i r, K^ "^^"'"^ ^'"^ ""BS). HEP 
the plate was ineubaKt^t^^'' ""^ *° 
cells five times wiSJ ^ of PBs '^^T7*Tv'^^ "^'"^ 
mg/ml o-phenylenediamine d^ySoridf(sl^'f 
in 0.1 M citrate-phosphate buffer ^4 ^1 if^ ^ ""^^^ ^aO, 
incubation was contS ftfjHH^ ^'''^^ *° a°<l the 

The reaction was^te^tyad^t't""^ rrir'cr"" ^^-P^^tu.^- 
the absorbance at 4^ w^S^^, '^^M' ""'^ 

a2ltSi^--S^^^^^^^^ 

each well were transfected oh tL i '^^^ ^ 

vector, pCEP4-FarpCEplocl^ pf T^^^^ ' ^^P'y 

TM-OCIFAD567, t^,StS^'l2^-ofSm^-^T- "^P^^^^- 

m.dforp-galactosidase(PharmadaUs4S^!^^^^^ 
after transfection, the DNA Drecini4t» J i->P<»ectAAIINE. Five hours 

taining 10% FBS (SOoXeuT^^^ddL J''"^'' .^^ 
cultivation, ceUs were fixed hv tT!f f • -.u ^^'^ ^5 h of 

■nin at room temZ^t^t^L% ^^ '^^ glutaraldehyde for 5 

with x-gai (wakr^'r;is°:rs^rh.:^^«s 

contrast micrxJscoDe anH +1,0 « x ^xammed under a phase- 
versus total blufc^i w^ ^L^;:^"^ T'^'f^'^ "lue ceUs 
genase activity in the me<W li^" ^ ^ •'^'^y*^ 
removed before fij^g Z^s W^t H ^f '"^'^ '^^^ 
measured using a coIorimJSl tv ??u^ dehydrogenase activity was 
fragmentation^say w^rf™ ^ (SWtest Tokyo, Japan). DNA 
cells cultivated for sVra^Se^^io: """^ "^^^^ '''' 
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Fig. 1. Schematic representation of OCIF mutants. SP, signal 
peptide; C, cysteine residues in domains 5-7; 5, positions of Cys to Ser 
substitutions. Numbers on the top indicate the domains. Amino add 
residues deleted in each mutant are indicated in parentheses. 

the conditioned medium by Western blot analysis (see below) 
emplo3dng anti-OCIF polyclonal antibody. OCIF mutants were 
quantified by ELISA using anti-OCIF polyclonal antibody. ADl 
and AD2 were not secreted at levels detectable by Western 
blotting or ELISA. The concentration of most of the mutants in 
their conditioned media ranged firom 200 ng/ml to 2 pig/ml. 
Acciu^ate determination of inhibitory activity of AD6 was im- 
possible due to poor productivity (-^50 ng/ml). 

The N-terminal Portion of OCIF Containing Domains 1-4 Is 
Sufficient to Inhibit Osteoclastogenesis — Fig. 2A shows the os- 
teoclastogenesis inhibitory activity of the deletion mutants 
measured based on the inhibition of TRAP-positive osteoclast- 
like cell formation in the cocultures. Although wild- type OCIF 
inhibited the osteoclast-like cell formation in a dose range of 5 
to 40 ng/ml (half-maximal inhibitory dose (ID50) of ~6 ng/ml), 
AD3 and AD4 failed to inhibit the osteoclast-like cell formation 
at concentrations 35 and .40 ng/ml, respectively. In contrast, 
ADS retained the inhibitory activity with an ID50 of —15 ng/ml. 
Furthermore, AD7 had a specific activity comparable to that of 
wild-type OCIF. A C-termin£il truncation mutant AD67, which 
lacks domains 6 and 7, possessed the osteoclsistogenesis inhib- 
itory activity, although potency in the inhibitory activity was 
considerably lower than that of wild-type OCIF (an ID50 of 10 
ng/ml) (Fig. 2A). For the accurate determination of the inhibi- 
tory activity of AD567, which lacks DDHs entirely, we pxuified 
it using an anti-OCIF-antibody-immobilized affinity column. 
The purified AD567 inhibited osteoclastogenesis (Fig. 2B), in- 
dicating that truncation of domains 5-7 (consisting of the C- 
terminal 204 residues) does not aboUsh the biological activity. 
However, the potency of AD567 was approximately 10% of that 
of wild-type OCIF (Fig. 2B) as estimated from their IDgo- These 
results indicate that the N-terminal portion containing the first 
four domains is siifficient for exerting the osteoclastogenesis 
inhibitory activity in vitro. ' ' 

Deletion of Domain 7 Decreases the Affinity of OCIF for 
^Heparin — ^To examine the significance of the binding of Oc3lF 
V to heparin in the inhibition of osteoclastogenesis, 'we aiialyzed 
the affinity of AD7, AD67, and AD567 for heparin by FPLC on 
HiTrap heparin column. Conditioned medium of the cells train- 




B 




1 10 100 1000 
OCIF antigen (ng/ml) 

Fig. 2. Osteoclastogenesis inhibitory activity of OCIF deletion 
mutants. Inhibition by OCIF mutants of osteoclast-like cell formation 
in the co-cultures was evaluated . by. measuring TRAP activity. Co- 
cultures of ST2 and jnouse spleen cells were incubated with various 
concentrations of the OCIF mutants. Data are expressed as mean ± SD 
of triplicate experiments. A, OCIF antigen in the supernatant of cells 
transiently expressing each mutant was quantified by an ELISA em- 
ploying rabbit anti-OCIF polyclonal antibody. OCIF; O, AD3; ■, AD4; 
□, AD5; A., AD7; and A, AD67. B, mutant AD567 was purified to 
homogeneity, and the purified protein was used for the assay. OCIF; 

AD567. 

siently expressing each OCIF mutant was loaded on the col- 
vunn and each mutant was eluted from the column with NaCl- 
containing buffer. Wild-type OCIF was eluted at NaCl 
concentrations of 0.65 m and 0.74 M, which correspond to those 
at which the monomer and the dimer form of OCIF are eluted, 
respectively (Fig. 3). AD7 was eluted as a single peak at an 
NaCl concentration of 0.24m. Further truncation had only mar- 
ginal effects on the binding of OCIF to heparin (Fig. 3). These 
three mutant proteins were eluted as single peaks, probably 
because they are present as monomers (see below). These re- 
sults strongly suggest that domain 7, which occupies the C- 
terminal 50 amino acid residues, contains a heparin-binding 
site. The fact that deletion of domain 7 did not affect the 
inhibition of osteoclastogenesis (Fig. 2A) but significantly de- 
creased the binding of OCIF to heparin (Fig. 3) indicates that 
binding ability of OCIF to heparin does not correlate with its 
osteoclastogenesis inhibitory activity in vitro. 

Domain 7 Is Involved in the Dimerization of OCIF— OCIF 
from IMR-90-conditioned medium is present as two forms, a 
monomer with an approximate molecular mass of 60 kDa and 
a disulfide-linked dimer with an approximate mass of 120 kDa 
. (4). To identify (ay domain(s) responsible for the dimer forma- 
tion, the capabihty of the doinain deletion mutants to form 
dimers was analyzed using immunoblotting as ishown in Fig. 
4A. A protein with a mass of 80-100 kDa was detected for AD3, 
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^.^^'f -^^^^^'^Siidty HPLC pro- 
eies of the OCIF mutants with C-ter- 
mmal truncation. Conditioned medium 
(1 ml) of cells transiently expressing each 
Extant was appUed to a heparin-afiGmty 

eluted from the column with a Unear gra- 
^ent of NaCl (0-1 m). Fractions were^- 
sayed for OCIF using ELISA. 
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tm!^"me£ a"5^^S:^ of OCIF deletion mutants. Condi- 

toapolyvinyUdLSfluTridem^bfC'^r^^ 

with HRP-Iabeled anti OPTP f " ™? "fmbrane was incubated 

ana..si.^r.inL^t;rS?^C^6^rv^^^^^^^^ 



AD4, AD5. and AD6 as a major band. In contrast AD7 is 
present almost exclusively as a ~55-kDa protein. ^4,^7 1 
present mamly as a monomer, while AD3, AD4, AD5 • akd AD6 
are present in two forms, a monomer and a d^mer^^tf iuf 
SeS'iltrrT' -'^-■-•^esting that Z:^^ 
domam 7, migrated as monomers as expected (Fig. 4A) Differ 
ence m size between ADS and AD4 (Fig. 4A) is probabiy due to 
J^tTJT"" of glycosylation. Indeed, toere are tL^ 
potential A^-glycosylation sites (Asn-JiT-Ser/I^hr) in domr^S 
whereas there is no such site in domain 4 (5 6) ' 

2«-^0()/s«eTO£6/e/br/AeD£merFoana<io™-Since-there 
^ only one Cj^ residue (Cys-400) in domain 7 (5, 6), partidr 
tion of the residue in the intermolecular disuIfide-iiE wa, 

7ltr r!:r'T'^' -e-t^-S^^tTon 
K ^ for Cys-400 (C400S) arid the other with a 

£SS (Sr^ ^-*~!.-- -idues Cys-4rold 
Leu 401 (ACL) were produced. As a control, a series of Cys to 

cys residue m domains 5 and 6 was replaced with a Ser 
residue, wer« generated. The mutants were transiently T 
pressed in 293-EBNA cells, and the structure ofX muL^^' 
was analysed by Western blotting as shown in F^'^IS 
results indicate that both C400S and ACL exist atoosf«cdu 
sively as a monomer with a mass of -^60 kDa (pt IsT No 
monomer-form OCIF with a mass of -60 kDa was Steftedl 

Si"4^t Their*""";' C27?S, 9S 
. (Hg. 4fi). These four mutants migrated even slower than the 
dmier form OCIF with a mass of -120 kDa. TTie Lw^ m^^ 
e^tmg bands may repi^sent higher order mul toe^ derivTd 
STc'SI^OO ^"^""^^r^- These results dembS^te 
that Cys-400 IS responsible for the dimer foiWtion of OCIF 

c?J;- r'i:;!^' ^''^^ ^20-kDa protein dete^^^^ 
conditioned medium of OCIF-producing cells is a " 
consisting of two 60-kDa monomer^Sedtgethe^ bT^i^"" 
termolecular disulfide bond between two Cy^S Su" 
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Fig. 5. Osteoclastogenesis inhibitory activity of OCIF mu- 
tants, C400S, and ACL. Inhibition by OCIF mutants of osteoclast-Uke 
cell formation was determined as described under "Experimental Pro- 
cedures" and in the legend to Fig. 2. OCIF antigen in the supernatant 
of cells transiently expressing each mutant was quantified by an ELISA 
employing rabbit anti-OCIF polyclonal antibody. 

C400S and ACL, which are present almost exclusively as a 
monomer in the conditioned medium, were as potent as wild- 
type OCIF in the inhibition of the in vitro osteoclast formation 
(Fig. 5). These resiilts provide further evidence that formation 
of the dimer is not essential for exerting the in vitro osteoclas- 
togenesis inhibitory activity. C195S, C202S, C277S, and 
C319S, which are present mainly as multimers as shown in 
Fig. 4B, maintained the biological activity (data not shown). 

Overexpression in 293-EBNA Cells of Chimeric Proteins Con- 
sisting of OCIF and the Fas Transmembrane Domain Causes 
Apoptosis — We next asked whether domains 5 and 6 (DDHs) 
have a potential for mediating C3rtotoxic signals. For this pur- 
pose, we transfected plasmids encoding various OCIF/Fas fu- 
sion proteins together with pCHllO, an expression plasmid for 
j3-galactosidase, in 293-EBNA cells. The structure of OCIF, 
Fas, and their fusion proteins used in this experiment is sche- 
matically illustrated in Fig. 6A. The presence of mRNA derived 
from each chimeric construct in the transfected cells was con- 
firmed by reverse transcriptase-PCR. Primers were designed to 
amplify a 424-bp fragment corresponding to the 5' portion of 
OCIF mRNA- As shown in Fig. 6B, reverse transcriptase-PCR 
using RNA from the cells transfected with pCEP4-0CIF-Fas, 
pCEP4-TM-OCIF, or pCEP4-TM-0CIFAD567 generated the 
424-bp fragment, but not with pCEP4 or pCEP4-Fas. HRP- 
labeled anti-OCIF polyclonal antibody specifically boimd to the 
cells transfected with pCEP4-0CIF-Fas, pCEP4-TM-OCIF, or 
pCEP4-TM-0CIFAD567, but not with the empty vector or 
pCEP4-Fas (Fig. 6(7). These results indicate that each chimeric 
cDNA was efficiently expressed, and the fusion products were 
translocated to the surface of the transfected cells. These cells 
were then stained with X-gal to examine the size and the shape 
of the cells harboring each expression plasmid. Microscopic 
examination of the cells transfected with pCEP4-Fas, pCEP4- 
OCIF-Fas, or pCEP4-TM-0CIF revealed that 30-60% of the 
blue cells were round and shrunken, showing signs of cell death 
(Fig. 7A). In contrast, when transfected with the empty vector, 
pCEP4-0CIF or pCEP4-TM-0CIFAD567, more than 90% of the 
blue cells retained the flat and adherent appearance (Fig. 7A). 
Lactate dehydrogenase activity in the conditioned medium of 
the cells transfected with pCEP4-0CIF-Fas or pCEP4-TM- 
OCIF was significantly higher than that transfected with the 
empty vector or pCEP4-TM-OCIFAD567 (Fig. 7B),' showing 
that overexpression of OCIF-Fas or TM-OCIF induced cell 
death; The transfection efficiency was almost the same (ap- 
proximately 40%) in all transfection experiments. Cytotoxic 
'signal induced by OCIF-Fas was apparently stronger than that 
induced by Fas for a currently unknown reason. To examine 
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Fig. 6. Expression of chimeric receptors. A, schematic represen- 
tation of chimeric receptors. Hatched boxes, cysteine-rich regions of 
OCIF; dotted boxes, domains 5-7 of OCIF; open boxes, extracellular and 
intracellular domains of Fas; closed boxes, transmembrane domain of 
Fas; SP, signal sequence, B, detection of mRNA for the OCIF/Fas 
chimeric protein in 293-EBNA cells transfected with each expression 
plasmid. First strand cDNA was prepared from total RNA extracted 
from 293-EBNA cells transfected with each plasmid and was subjected 
to PCR with the primers described imder "Experimental Procedures." 
The PCR products were separated on an 1% agarose gel. cDNA synthe- 
sis reactions were performed without (lanes IS) or with (lanes 6-10) 
reverse transcriptase. PCR products derived from cells transfected with 
pCEP4 (lanes 1 and 6), with pCEP4-Fas (lanes 2 and 7), with pCEP4- 
OCIF-Fas (lanes 3 and 8), with pCEP4-TM-0CIF (lanes 4 and 9), or 
with pCEP4 -TM-OCIFAD567 (lanes 5 and 70) are shown. C, detection of 
OCIF antigen on the surface of 293-EBNA cells transfected with the 
plasmid that expresses OCIF/Fas chimeric protein, 293-EBNA cells 
(—2 X IC^/well) were seeded on a 96-weU plate. The cells in each well 
were transfected on the following day with 250 ng of either the empty 
vector or each expression plasmid using LipofectAMINE. Twenty hours 
after transfection the cells were fixed with glutaraldehyde and washed 
twice with PBS. The OCIF antigen on the cells was detected by HRP- 
conjugated anti-OCIF polyclonal antibody as described under 'Experi- 
mental Procedures." Data are expressed as mean ± iS.D. of triplicate 
experiments. • 



whether the cell death was caused by apoptosis, we next ana- 
lyzed the integrity of DNA in the cells transfected with the empty 
vector, pCEP4-0CIF-Fas or pCEP4-TM-0CIF. Cells transfected 
with pCEP4-0CIF-Fas or pCEP4-TM-OCIF showed severe frag- 
mentation of DNA, a clear symptom of apoptosis, as compared 
with controls (Fig. 70. These results demonstrate that OCIF is 
capable of triggering apoptosis when the Fas transmembrane 
region is inserted between cysteine-rich regions and DDHs and 
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Fig. 7. Induction of cytotoxic signal 
PRMA M ^' «°'PhoIogy of 293- 

24-weU plate were transfected with the 
m^cated expression vector (1 ug) pij 
PCHIIO (0.2 Mg). After 20 h. ^ 
S^"^ ^J^«'T'«>X-gal. ;«dphTS 

scope B lactate dehydrogenase CEJ3/n re- 
eased in the medium. Cefe were 
tr^msfected in A, and 50 ^ of thel^ 
ditioned medium were subjected to the 
-say for lactate dd,ydroged<^v.V 
Data are expressed as mean ± SD of 
triplicate experiments. C, DNA fragmen- 
taUon in transfected 293-EBNA cells 
Oelh (~6 X 10^ eeUs/weU of a 6-weli 
plate) were transfected with the indicated 
expression vectors. Twenty hours ate 
an^^'T'. 'i;?"^" °NA wa. isol^ 
""^t P'^Pa^tion was a^ 
phed on a 2% agan>se gel as described S 

S^S^^ f ^ ^' DNA from 

r:^^ V T PCEP4-TM-OCIF-trans- 
f^ed cells; lane 3, DNA from pCEP4- 

transfected cells; W 4, size markers 
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analyzing the in oi.o ^^^^^^^t rS^Uo 
concluded that the N-termmal P«^^^^^^ ^ ^ 

i^bit o^^f -f S^^^ OCIF (Fig. 2B). 
mately one tenth ^^^.^^iTabUity of the mutants re- 
Analysis of heparin b'ndmg «paW 

vealed that domain 7 is "^^^^^^^.f^^ ^ be important for 
heparinorheparm-hke mo ecu es s^^^^ 

suchgrowthfactorsasba^icfibrob^^^^ ^^^^^ 
in vitro and in vivo (21). The ^™ ^^ivity. 

however, did not ^^I'^fJ^l^^ZL^ caJbiUty affect 
For some proteins changesmhepamt.J^^^^^^^^^^^ ^.^^ 

stability, rate of clearance and targe^^"^ P ^^^^ 
For e:cample. a point ^"^^ Jp^^^esults in a 10-fold 

caused reduction of '^^..^^^Sout affecting the spe- 

increase in its plasma concentration wi^u^^^^^ ^ 

cific enzymatic -^^Jjfl^ Jof^IF for'heparin may 
examining the possibdity that aB^Q^^ ^^^^ of heparin 

be of some physiological ««P°rt^^ " j ^ ,l^ter of 
binding sites of known f-jf^^^^^bn'^parent cluster of 
basic amino aad residues (28). Altoo^ P^^^ ^^^^ 7, 
positively charged ammo aad '^^^f^^ ^.^idues 361-378 
application of Edmundson's wh^l model ^ g^^. 
sLwsana-helixmwhichLys-361 Lysdb y^^ j^^j^^e 

and His-375 exist "-"^^^^''^^hToVthe opposite side (data 
residues such ^^^^'^.^^"ii^.esWues may contribute to the 

heparin. - dimerization of OCIF. 

Domain 7 is also responsAle ^^^^^ ^^y,^ of the 
This finding was derived fr^J^f^Xtified Cys-400 as the 
mutants (Fig. 4A). Suteequent ^t^^^Jj^* gubstitu- 
residue essential for t^^^^^f^^HSuE activity of OCIF 
tion or deletion of Cy^fl"^^^ f station that both the 
(Fig. 5), confirming ^^e P«v.ous °l^e ^.^^^.^^^^^^^ 
monomer and ttie dmier form 0^1* have ^.^^^ 

ity in inhibition of in vUro °f ^^^^XSortant for other 
i^tion by f f tol'^tTeJeS^Sliry activity. Myxoma 
TNF receptor ho-^ol"^^ ^og. ^^^^^^^ ^oth a mon- 
virus T2 protem, a TNFK ''"y^"' ^' . ^NF-a with a similar 
omer and a dimer. and Aey bmd toj^^^^^^ 

SSrSSS-oSerf^IatioLfOCIFrema^ 

involved in transmittmg apoptoU gf^^ J^,^,,^ (fig. 
mains 5 and 6 are ^^^^^^^^f g^f orl^e dimerization (Fig. 
2, A and B), hepann ^"'d^g ^^^^J^"' ^^sulted in a marked 
M), although <i«l«ti°^°f ^°*^,JSr(F g m Therefore, we 
decrease in in vitro biological actmty^* * > 
examined whether the two ^o-^a^^^^'^^ of 293- 

ating "death- signals when e^res^^J ^^o^TLpression of 
EBNA cells. It has been ^'^'^^'^^^Zci^^Jg TNFR 1. 
death domain-contauung receptor ^^^J"^^^ ^nd the 

Fas. DB3 (also '^^'-'i^^^^JP^/;^^^^^^ (ll-U)- Al- 

TRAIL receptor t« f Scd^7j3 Jcause cell death, a 
Sr^^^Mic^F^whichcontainst^^ 



brane region of Fas ^^tween dom^ ^'eatsNf ^^^^^^^ 
sessed an ability to ind^eap^ptos.^^^^^^ ^^^^^^ 

A-O. Truncation ° «^e DD^ P q have a high po- 

strongly suggestmg that ^oniams & a ^^^^ 

tentialformediatrngtheapoptosiB^^^g 
failed to ^ 
brane-spanmng domam, suggesnuB triggers ap- 

soluble form.^ " ^"^^t F- Lt^l OCIF 

optosis in a ^^^^^^^^2 Lhion under certain 
may induce apoptosis in an 

conditions. 
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